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PABST LABORATORIES 


TPN 


TRIPHOSPHOPYRIDINE NUCLEOTIDE 
(COENZYME I) 


f 


_ PABST TPN is a chromatographically homoge- 
neous preparation of the oxidized form of the | 
coenzyme. It is supplied as a readily soluble 
sodium salt, Na:HTPN.3H:0. Analysis by elec- 
trophoresis, chromatography, UV absorption and 
enzymatic reduction indicates that Pabst TPN is 

approximately 100% TPN. | 


CRYSTALLINE DISODIUM ATP, the stable tetrahy- 
ate, NA:H2ATP.4H;0O, is free of non-adenine nucleotides. 
Recent recognition of the role of non-adenine nucleotides in 
enzymatic transphosphoryia tons emphasizes the importance 
of homogeneous nucleotides. | 


7 PABST fine chemicals are purified to meet the exciting re- 
quirements of modern biochemical research. 


Write for our literature. 


PABST LABORATORIES 


DIVISION OF PABST BREWING CO. 


1037 WEST McKINLEY 
_ MILWAUKEE 3, WISCONSIN 
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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should ,be followed. Separate 
sheets should be used for the following: (a) title page, (0) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” ‘‘personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “‘in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
ot a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
guested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, ae be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @,0,M, A, A, @). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
thanges, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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Essential Media 
and Supplements 


FOR MICROBIOLOGICAL PROCEDURES 


For the convenience of investigators engaged in 
bacteriological research, GBI offers a special group 
of reliable, ready-to-use products. A few are listed 


below: 


“VITAMIN FREE’’ CASEIN HYDROLYSATE GBI is an acid hydroly- 
sate of a 10% solution of Vitamin Test Casein, subjected to repeated car- 
bon treatments to render it ‘‘vitamin free”. When suitably supplemented, 
it will support excellent growth of the organisms employed for microbio- 
logical assay procedures. Packed in 100 and 500 ml. serum bottles. 


BASAL MEDIA GBI—for By, Biotin, Niacin, Pantothenic Acid and Ri- 
boflavin assay’ work. Double-strength solutions, sterile form. Packed in 100 
and 500 ml. serum bottles. 

YEAST SUPPLEMENT SOLUTION GBI is offered as a convenience to 
investigators who prefer to make up their own media for microbiological 
research. Packed in 10 ml. sealed ampuls. 


SUPPLEMENTAL INGREDIENTS GBI are also supplied, such as erys- 


talline vitamins, amino acids and purine bases. 


SPECIAL 
PRODUCTS 


Write for this free 
catalog listing 
hundreds of items of 
biological significance. 


RESEARCH 
e @ e @ eee? 


General Biochemicals, Inc. 


64 LABORATORY PARK . CHAGRIN FALLS, OHIO 
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make PEN TEXa New Year Resolution 


for Your Biochemical Needs 


When ordering 


e Animal Plasma Fractions 
e Pancreatic Enzymes 
e Crystallized Reagent-Grade Proteins 


e Alkaline Intestinal Phosphatase 
(Readily soluble—Uniformly potent) 


*@ Resin-Treated Pigeon Liver or Hog Kidney 
Extract (for Pantothenic Acid assay) 


*@ Carbonic Anhydrase 


... specify PENTEX 


*New Listing 


PENTEX incorporatep 


660 North Schuyler Avenue Kankakee, Illinois 
TELEPHONE: KANKAKEE 2-9615 
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LEITZ 

PRE-CALIBRATED 
PHOTROMETER 
| 
Here is the Photrometer which is individually calibrated for each i 
has never been equalled in per- determination. It will function 
formance. It is pre-calibrated for completely without the addition 
40 of the most commonly used of a single accessory. 
clinical determinations, includ- Standard equipment for the 
red blood cell count, thymol Leitz Photrometer includes a 
ing » icterus index, biliru- handbook containing procedures, 
re calibration tables and complete | 
Analysis is made with only one instructions for preparing re- 
control knob. Simplicity and ease quired reagents. A complete set 
: of operation reduce chances of of glassware for running stand- ' 
error to an absolute minimum. ard tests is supplied with each 
There are no delicate electronic instrument. All glassware and ! 
circuits or vacuum tubes which — chemical reagents are laboratory 
require servicing or replace- tested by and obtainable from 
ment. Every Leitz Photrometer E. Leitz, Inc. 
_ 

e E. LEITZ, INC., Dept. BC ; | 

eit=z 468 Fourth Avenue, New York 16, N. Y. 1 
Please send me your brochure on the Leitz Pre-cali- 
brated Photrometer. i 
microscopes 
binoculars 
Leica cameras 
lenses Street 
City State 
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BIOCHEMICALS will Consevonce 


1500 
“MANN ASSAYED 
BIOCHEMICALS’’ 


AMINO ACIDS 
PEPTIDES 
HORMONES 
ENZYMES 
CARBOHYDRATES 
NUCLEOPROTEINS 
PURINES 
PYRIMIDINES 
VITAMINS 


SPECIAL BIOCHEMICALS 
FOR RESEARCH 


PRICE LIST #121 
ON REQUEST 


When the success or failure of an exper- 
iment may very well hinge upon the 
quality of the ingredients used, the sup- 
plier has an obligation to maintain stand- 
ards that are beyond reproach. 


Since 1939, Mann Research Laboratories 
have worked ceaselessly to attain ever 
higher standards. 


No scientist can afford to risk the results 
of painstaking work by compromising— 
perhaps to save a few pennies or through 
habit-formed purchasing. 


Thus, our moral obligation to be a de- 
pendable source for biochemicals of un- 
questioned uniformity and purity is what 
we like to call, “Biochemicals with a 
Conscience.” 


MANN RESEARCH LABORATORIES 
136 Liberty Street - New York 6, N. Y. 


Jl 


Los An 
1150 S. 


Kansas 


4128 
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STEEL 


,| Ware 


er- 
the 
up- 
nd- JL48714 

Graduated Measure 
ries 
ver 


JL45432—Funnel 


Los Angeles 15 
1150 S. Flower St. 


Kansas City 2 
4128 Broadway 


Laboratory 


alee scien tific DIVISION OF A. S. ALOE COMPANY 
5655 Kingsbury, St. Lovis 12, Mo. 

Son Francisco 5 Seattle 1 

500 Howard St. 


New Orleans 12 
1425 Tulane Ave. 
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STAINLESS 


JL9420—Beakers 


Help solve your costly replacement problems by 
changing to all stainless steel laboratory ware 


Order directly by numbers and sizes listed below: 


JL9420—Beakers, Griffin low form. 
Capac.,ml.. 125 250 600 1200 2000 4000 
Depth, in... 2% 4% 558 6% 
I. D., in.... 2% 3°46 4\6 6% 
noe 6 8s $ 2.35 $ 3.00 $ 3°60 $ 445 $ 5.85 
Per dozen.. 16.80 25.20 32.40 39.00 48.00 63.00 


JL9410—Beakers, without spout; turned rim, parallel sides (not 
illustrated): 
Capac.,ml.. 1200 2000 3300 4000 5750 7820 
Height,mm. 143 168 181 190 215 243 
Diam.,mm. ‘103 121 153 I7I 181 200 
Each*..... $3.44 $4.50 $5.60 $6.28 $8.50 $10.60 
*10% discount in dozen lots; 20°; discount in 6 dozen lots. 


JL48714—Graduated Measure, Vollrath: 


52.20 


JL45432—Funnels, with air vent: 


Capacity, oz.......... 16 32 64 
Diameter, inches...... 2% 4% 538 7 
Height, inches........ 254 5% 63% 7% 


$ 8.91 $ 11.52 $ 13.86 


6.39 
115.20 


Per dozen............ 63.90 89.10 


Minneapolis 4 

927 Portland Ave. 
Washington 5, D.C. 
1501 14th St., N. W. 


1920 Terry Ave. 


Atlanta 3 
492 Peachtree St., N. E. 
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TOPICS in 


PHYSICAL 
CHEMISTRY 


second edition 
By W. Mansfield Clark, Ph.D., Sc.D. 


De Lamar Professor of Physiological 


The Johns Hopkins University School of Medicine 


Intended for individual, supplementary study, 
and not for use in a formal course. Each section 
carefully developed. Mathematics kept to a 
minimum and thoroughly explained. 


Presents principles of classical physical chem- 
istry, with particular emphasis on their biochemi- 
cal applications. 


Among the many topics are: density and its 
clinical uses. . sedimentation in gravitational 
and centrifugal fields. . .properties of solutions 
. . diffusion. . .phenomena associated with semi- 
permeable membranes. . .laws of mass action... 
electrolytes. . .equilibria in proton exchanges. . . 
properties of protein solutions. ..a stepwise 
treatment of the equilibrium states of blood elec- 
trolytes. . .thermodynamics. . .oxidation-reduc- 
tion. . .glass electrode and potentiometry... 
polarograph. . .atomic and molecular structures 
.. refraction. . double refraction and polarized 
light. . .sstereoisomerism. . .emission and absorp- 
tion of radiant energy. . .luminescence. . .topics 
on colloid chemistry. 


Practical and enjoyable reading throughout. 


The Williams & Wilkins 


Chemistry, 
803 pages 
e 
176 figures 
e $11.00 
e 
e 


Company 


Mt. Royal and Guilford Avenues __ Baltimore 2, Maryland 
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RESEARCH 


BIOCHEMICALS 


AMINO ACIDS 


A complete selection of more 
than 100 amino acids. 


OF 
SSIBL 


aquest PO 


“VITAMIN FREE’’ CASEIN 
HYDROLYSATE 


Pre-tested for microbiological vitamin assays. 


NUCLEOPROTEINS—PURINES 

PYRIMIDINES 
A complete selection of all derivatives. Adenosine Triphosphate. 
Adenine Sulfate. Adenine. Adenylic Acid. Adenosine. Ammonium 
Uridylate. Cytidine. Cytidylic Acid. Desoxyribonucleic Acid. 


Guanine. Guanosine. Nucleates. Ribose Nucleic Acid. Thymine. 
Uracil. Uridylic Acid. Uramil. Xanthine. Xanthosine. 


See catalog for many Related Biochemicals. 


“VITAMIN FREE’’ CASEIN 


(Hot Alcoho] Extracted) 


A valuable source of protein nitrogen of exceptional purity for 
incorporation into diets to produce vitamin deficiencies. 


MISCELLANEOUS 
BIOCHEMICALS 


Alpha Keto Glutaric Acid. Bilirubin. Cephalin. Cozymase. Cyto- 
chrome C. Dopa. Glu- 


tamine. Glutathione. 
Glycogen. Heparin. WRITE FOR 
Hypoxanthine. Prota- NEW CATALOG 
mine Sulfate. Ribose. 
Sodium Glycerolphos- 


un OVER 1200 
ITEMS 


NUTRITIONAL BIOCHEMICALS 


Cc O R P O R A TFT t O N 
21010 MILES AVENUE + CLEVELAND 28, OHIO 


: 
| | 


A Bausch & Lomb 
Research Microscope 
-.- Standard of science 
will help you to: 


1. Eliminate fatigue in prolonged 
observations 


3. See the most detailed images 
known to optical science 


4. Cover the widest range of visual 
and photomicrographic study 


BAUSCH G LOMB 


‘BS 
‘ 


When do YOU need a 


Microscope? 


RESEARCH 


When your work entails lengthy, intensi 
examination of microscopic specimens, you 
welcome the relaxed ease, freedom from 
tigue, and appreciable savings in time that y 
enjoy with a Bausch & Lomb Research Mi 
scope. Your hand rests on the table for strai 
free operation of fine focus, stage and su 
stage controls. You'll find it easier to ori 
specimens, even in petri dishes, with the grad 
ated, rotatable circular stage; easier to loca 
repeat settings precisely for quick reference. 


When your work requires the most criti 
pessible observation—visual or photomicr 
graphic—the combination of apochromati 
objectives, 1.40 N.A. achromatic substage co 
denser, and compensating eyepieces, provi 
maximum resolution ... sharpest contrast, fi 
est detail... for detection of otherwise hard-t 
see materials and structures. Images are bright 
er, clearer, because all optical elements a 
Balcoted to reduce reflection and flare, to tra 
mit full illumination. A complete range of e 
pieces, objectives, substage equipment, a 
stages permits ready adaption for the most di 
cult specialized studies, with choice of brig 
field, dark field, polarized light or phase co 
trast illumination. 


See for yourself, in actual demonstration i 
your own laboratory, why you and your wo 
will benefit from a Bausch & Lomb Resear 
Microscope. 

W rite for demonstration and Catalog D-101 


Bausch & Lomb Optical Co., 65937 St. Paul St. 
Rochester 2, N. Y. 


RESEARCH MICROSCOPES 


te 
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| 

2. Save valuable time | : 
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Improved Design 

New Relay 

New Heating System 
0.01 


Sargent Constant T. emperature Bath 


The 0.01° C. Sargent Constant Temperature Water Bath, which is 
employed in many laboratories throughout the world where a precise, 
reliable thermostat is required, is now being supplied with an improved 
relay unit and heating system. The central heating and circulating unit 
of the bath is now equipped with three cylindrical heating elements 
rated at 200, 300 and 400 watts respectively. The 200 watt heater is con- 
trolled by the No. 81835 mercurial thermoregulator through a thyratron 
tube and saturable core reactor in the relay unit. (The use of a saturable 
core reactor obviates the difficulties commonly encountered with 
mechanical relaying systems such as pitted contacts, broken moving 
parts and freezing.) By means of a control mounted on the panel of the 
relay the output of this heater can be varied from the full 200 watts to 
approximately 60 watts, thus permitting such adjustment of the heater 
output that positive overshooting of the regulatory temperature is min- 
imized. With the improved relay system this bath can be adjusted to 
a precision of +.005° C. when operating in the vicinity of 25° C. 

In addition, the relay unit is equipped with a master switch, a switch 
for each heater and a pilot light to indicate that the circuit to the 200 
watt heater is closed. 

Maximum power consumption 1100 watts. 
$-84805 WATER BATH — Constant Temperature, 0.01° C., Sargent. 
Complete with Pyrex jar, 16 inches in diameter and 10 inches in height; 
central heating and circulating unit; constant level device; cooling coil; 
No. 81835 thermoregulator and relay unit with cord and plug for con- 
nection to standard outlets. For operation from 115 volt 50/60 cycle 
circuits $275.00 


SARGENT 


SCIENTIGIC LABORATORY INSTRUMENTS @ APPARATUS © SUPPLIES © CHEMICALS 


£. H. SARGENT & COMPANY, 4647 W. FOSTER AVE., CHICAGO 30, ILLINOIS 
GICULEULEALZE MICHIGAN DIVISION, 1959 EAST JEFFERSON STREET, DETROIT 7, MICHIGAN 
«SOUTHWESTERN DIVISION, 5915 PEELER STREET, DALLAS 19, TEXAS 
SOUTHEASTERN DIVISION, 3125 SEVENTH AVE., N., BIRMINGHAM 4, ALA, 
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Some folks stick ships in bottles. Others send messages T 
via Ocean currents. 
But, these are not the people we make bottles for. 
The bottles you see on this page are for you... ve 
ee © © © jaboratory people. Made of Pyrex brand glass No. 
1. 1640—Sulfonation, Graduated 7740, such bottles are acid resistant, rugged, trans- th 
2. 1480—R t, Plain, Wid is 
parent, precise. They hold, store, mix, disperse—do 1S 
3. 1340 — Dropping, With Pi- just about anything and everything you’d ever expect 
pettes, 
4. 1560—Reagent, Plain, Nar- from a lab bottle. : : 
row Mouth, With Inverted $ And, these bottles come in all kinds of shapes and re 
Stopper 
5. 1620—Specific Gravity, Hub-  S!Z€S- Those shown are part of our almost incredible 
bard-Carmick collection. You can order them from your lab supply 
6. 635—Milk Dilution, Gradu- dealer : 
ated, With Screw Cap i : in 
7. 1220—Aspirator, Outlet for Or, if you want the bible on bottles, send for your pI 
Tubing ” 
copy of “Laboratory Glassware,” Catalog LP-34. 
. 1380—R t, Lettered, 
Narrow Mouth, With Flat Don’t battle for bottles—use the Pyrex line! 
Head Stopper 
9. 1260—Centrifuge, Original I 
Form Corning Glass Works U 
10. Roux, With Corning, New York 
Corning meant research 
PYREX® laboratory ware 
. . . the tested tool of modern research J 
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ELECTROMETRIC pH DETERMINATIONS: Theory 
and Practice 


By ROGER G. BATES, National Bureau of Standards. This book brings 
a measure of order to a frequently misunderstood field by means of a two-fold 
attack on its problems. It presents a theoretical and experimental basis for a 
practical electrometric scale of acidity and compares the various possible scales 
with respect to their validity and usefulness. It also provides—in practical hand- 
book form for the assistance of all who measure pH—a discussion of the tech- 
niques of pH determinations. 

Much material is included on the many experimental aspects of pH deter- 
minations. The selection, preparation, and errors of electrodes and salt bridges 
are considered; the design, operation, and care of devices for measuring the 
electromotive force of cells are described; and equipment and methods of auto- 
matic control systems are discussed. 

No other book in this field: 

¢ ties a modern discussion of pH to modern commercial pH equipment 

« presents a full discussion of the standard: pH scale and the National 

Bureau of Standards’ pH standards 

« clearly explains the fundamental reasons why the pH value is not an 

exact physical quantity 


1954, 331 pages, $7.50 


THE KINETIC BASIS OF MOLECULAR BIOLOGY 


By FRANK H. JOHNSON, Princeton University; HENRY EYRING, Uni- 
versity of Utah; and MILTON J. POLISSAR, City College of San Francisco. 
“I feel that the authors’ work represents a milestone in the efforts to reduce 
the complex problems of biology to the clear and precise laws of modern chem- 
istry and physics.’’—Professor Cornelius A. Tobias, University of California. 


1954, 874 pages, $15.00 


GENERAL VIROLOGY 


By S. E. LURIA, University of Illinois. ‘‘I have found this book exceed- 
ingly stimulating and provocative. The approach is certainly unique and 
praiseworthy. There is no other single book which so well integrates the some- 
what diversified rn of the three main branches of virus investigation. 
... The presentation of controversial problems is well done without undue 
emphasis on the author's own hypothesis.’’—Professor William S. Preston, 
University of Michigan. 


1953, 427 pages, $8.50 


Send for on-approval copies 


JOHN WILEY & SONS, Inc. 440-4th Ave. New York 16, N.Y. 
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PAPER CHROMATOGRAPHY OF TRON COMPLEXES OF 
PORPHYRINS* 


By T. C. CHU ano EDITH JU-HWA CHU 


(From the Department of Chemistry, Immaculate Heart College, Los Angeles, 
California) 


(Received for publication, June 11, 1954) 


It is well known that many biologically important hemoproteins such as 
hemoglobin, cytochromes, hematin enzymes, etc., contain an iron complex 
of porphyrin as the prosthetic group. After working out the procedures 
for the separation of methyl esters of porphyrins (1, 2), we undertook the 
study of paper chromatography of iron complexes of porphyrins.'  Al- 


though the iron-protoporphyrin complex has been found in most of the 
- hemoproteins studied, the existence of iron complexes of other porphyrins 


in nature has also been reported (3, 4). Nicholas and Rimington (5) have 
separated protohemin from porphyrins by paper chromatography in luti- 
dine and water. Their solvent system does not, however, separate a mix- 
ture of proto-, meso-, hemato-, and deuterohemins. This paper deals with 
a method for the separation of these hemins and other iron porphyrins 
and its application to the study of cytochorme c, catalase, ete. 


EXPERIMENTAL 
Materials 


Protohemin IX Chloride (Protohemin or Hemin)—In both the procedure 
of Fischer (6) and the modified one of Corwin and Erdman (7), the separa- 
tion of hemin crystals from a rather viscous solution of proteins in acetic 
acid was tedious and inconvenient. We modified the method by com- 
plete removal of proteins before the formation of hemin as follows: A sam- 
ple of 60 ml. of red blood cells was refluxed with a mixture of 230 ml. of 
glacial acetic acid and 970 ml. of acetone for 1 hour. The precipitated 
proteins were filtered and washed with acetone. The combined acetone 
solution was mixed with 0.3 gm. of sodium chloride and subjected to dis- 
tillation on a water bath to remove acetone. In the meantime hemin was 
formed. After cooling, the hemin crystals were filtered, washed, and dried, 
yielding 0.48 gm. of microscopically uniform platelets. Its absorption 


* This investigation was supported by a research grant (RG 1598 (C4)) from the 
National Institutes of Health, United States Public Health Service. 
1 Personal communication from Dr. S. Granick of The Rockefeller Institute for 


Medical Research, New York. 
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2 CHROMATOGRAPHY OF PORPHYRINS 


maxima in pyridine were observed with a Beckman DU spectrophotometer 
at 557 and 527 my and in pyridine-hydrazine at 557 and 525 mu. 

Deuterohemin IX was prepared according to the procedure of Fischer 
((8) p. 414) with modifications (9) introduced before. The fine plates of 
deuterohemin did not melt below 300°. 

Mesohemin IX was prepared from mesoporphyrin IX (2) by the action 
of freshly prepared ferrous acetate and sodium chloride according to the 
procedure of Erdman and Corwin (10). The fine prisms did not melt 
below 300°. After demetalation with iron powder and hydrochloric acid, 
and then esterification, the crystalline dimethyl ester of mesoporphyrin 
IX, m.p. 210°, was obtained in a good yield. The paper chromatographic 
analysis revealed the same Ry value (2) as was expected. 

Hematohemin [X-—In a similar manner hematohemin was _ prepared 
from hematoporphyrin [X (2). However, after demetalation and esteri- 
fication, the crystalline product, m.p. 175°, was found to be different from 
hematoporphyrin dimethyl ester. It had an Ry value of 0.92 in the kero- 
sene-chloroform-n-propyl alcohol system (9), while the authentic hemato- 
porphyrin dimethyl ester had an FR value of 0.32. The absorption spectra 
of the two compounds in ethyl acetate were essentially the same. The 
complexity of the conversion of hematohemin to hematoporphyrin agrees 
with the findings of Paul (11), who reported an unidentified product, not 
melting below 300°, in his attempt to remove iron from hematohemin with 
pyruvic acid. 

Coprohemin I and iII—These compounds were prepared from copro- 
porphyrin I and III, respectively.2, Coprohemin I was obtained in prisms. 
Demetalation and esterification converted it into needles of copropor- 
phyrin I tetramethyl ester, m.p. 250°. Coprohemin III was also a crystal- 
line product. 

Urohemin I was prepared from uroporphyrin I octamethyl ester (1) 
through the formation of the hemin ester and subsequent hydrolysis accord- 
ing to the procedure of Fischer ((8) p. 515). By demetalation and ester- 
ification it was converted into octamethyl ester of uroporphyrin I, m.p. 
285°. 

Methyl Esters of Hemins—They were prepared by esterification of the 
respective hemins with methy] alcoho] and sulfuric acid. All of the melt- 
ing points are uncorrected. 


Procedure 


Water-n-Propyl Alcohol-Pyridine System—The solvent system consisted 
of 5.5 ml. of water, 0.1 ml. of n-propyl alcohol, and 0.4 ml. of redistilled 


2 The authors wish to thank Dr. C. J. Watson and Dr. 8. Schwartz, University of 
Minnesota, for their generous gift of methyl esters of coproporphyrins I and ITI. 
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pyridine. The assembly for the ascending development was the same as 
that described before (1). The outer 1 liter beaker was lined with paper 
saturated with water. Then 0.4 ml. of pyridine was introduced into the 
bottom of the beaker. Samples of hemins either in organic solvents (ethyl 
acetate, methyl! alcohol, acetone, or pyridine) or in dilute alkaline solu- 
tions (ammonia, sodium hydroxide, or potassium hydroxide) were spotted 
on a 14 X 14 cm. sheet of Whatman No. | filter paper, 1.2 cm. above the 
lower edge. The paper was previously treated with a petroleum ether 
solution of silicone (2). It was allowed to develop at room temperature 
until the solvent front reached the 10 cm. mark, the time being about an 
hour. After the paper chromatogram was dried at 105—-110°, the hemins 
were easily located as dark spots under ultraviolet light. 

Modified Lutidine-Water System—Nicholas and Rimington (5) intro- 
duced this system for the paper chromatography of free porphyrins and 
hemin by using a saturated aqueous solution of a commercial product con- 
taining 2,4- and 2,5-lutidine. Kehl and Stich (12) used a mixture of equal 
volumes of 2,6-lutidine and water for the purpose. We found that the 
solvent system containing 3.3 ml. of 2 ,6-lutidine and 2.7 ml. of water was 
more satisfactory. An atmosphere saturated with moisture was provided 
by wetting the paper lining of the outer beaker with water. With our 
chromatographic set-up, the developing time was cut down to 2 hours. 
When the Rr values of hemins were plotted against their number of car- 
boxyl groups, a straight line was obtained. 

RESULTS AND DISCUSSION 


The results of this investigation are presented in Table I and Fig. 1. 

Hematins and their acetates, which were prepared from porphyrins (13), 
have been found to have the same Ff values as their corresponding hemins. 
For this reason hemins can be spotted either in neutral or in alkaline solu- 
tions. 

Because of the gradual change of hemins in pyridine (14), solutions to be 
used must be freshly prepared. Samples in dilute ammonia, sodium, or 
potassium hydroxide, in which the change is slow (15), may be kept for 
1 or 2 days without noticeable spectroscopic variation. Whenever possible, 
the use of a neutral organic solvent is preferred. An ethyl acetate solu- 
tion of deuterohemin has been kept for more than a month without any 
change. 

The sensitivity of the method with the water-n-propyl alcohol-pyridine 
solvent system depends largely upon the age of the sample solution. When 
a solution is freshly prepared, 0.05 y is recognizable under ultraviolet light, 
while the detectable amount in daylight is about 0.5 y. In pyridine or alka- 
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line solution, the sensitivity drops more rapidly than in any neutral or- 
ganic solvent. 

The concentration of pyridine in the atmosphere of the system helps to 
control the Rr values of hemins. A greater pyridine concentration results 
in higher Ry values, while a low concentration causes the spot of proto- 
hemin streaking. 

In case the hemins to be analyzed are members with higher Rf, values, 
a modified solvent system consisting of 6 ml. of water, 0.1 ml. of n-propyl 


TABLE 
Rp Values of Hemins and Their Methyl Esters in Different Solvent Systems at 22° 


Spot 1 | Spot 2 | Spot 3 | Spot 4 | Spot 5 | Spot 6 
Hemins 
Se 0.34 0.45 0.62 0.72 0.88 0.96 
0.76 0.77 0.76 0.77 0.56 0.20 
Methyl esters 

WPP. 0 0 0 0 0.02 0.04 
1.0 1.0 1.0 1.0 1.0 1.0 
KC-KP | 0.70 0.71 0.71 0.70 0.60 0.38 
| 0.77 0.78 0.78 0.78 0.71 0.61 


Spot 1, protohemin; Spot 2, mesohemin; Spot 3, deuterohemin; Spot 4, hemato- 
hemin; Spot 5, coprohemin I or III; and Spot 6, urohemin I; or their methy] esters. 

WPP, 5.5:0.1:0.4, water-n-propyl alcohol-pyridine (with Dow-Corning silicone 
No. 550 as stationary phase) (2). LW, 3.3:2.7, 2,6-lutidine-water. KC-KP, 4.0:2.6, 
kerosene-chloroform followed by 5:1 kerosene-n-propyl alcohol (1). KCP, 
3.5:3.0:0.2, kerosene-chloroform-n-propyl alcohol 

* Hemins in these systems showed no movement or slight streaking. 


alcohol, and 0.1 ml. of pyridine may be used. In this solvent system, uro-, 
copro-, and hematohemins have the respective Rr values of 0.94, 0.83, and 
0.37, and others only show streaks or no movement. 

While the lutidine-water system separates hemins, the kerosene-chloro- 
form/kerosene-n-propyl alcohol system (1), and the kerosene-chloroform- 
n-propyl alcohol system (9) are good for the analysis of their methyl es- 
ters. These systems reveal the relation of Rr values to the number of 
carboxyl or ester groups of tke iron complexes, as shewn in Fig. 2. In 
this connection mention should be made that urohemin methyl ester was 
spotted in acetone solution. When a pyridine solution was used, no move- 
ment of the ester was observed, | 
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The Ry values of free porphyrins in this simplified lutidine-water system 
were 0.84 for dicarboxylic, 0.57 for tetracarboxylic, and 0.12 for octacar- 
boxylic porphyrins, which were found to agree with the values obtained 
by Eriksen (16) after 5 hours of development. Recently Corwin and Orten 
(17) shortened the developing time to 1 to 3 hours. 

The structural isomers, coprohemin [ and III, are not resolved by any 
of these solvent systems. The failure to obtain hematoporphyrin from 
hematohemin and the non-identity of our product with Paul’s (11) indi- 


WPP LW 


Fic. 1. Paper chromatograms of protohemin (Spot 1), mesohemin (Spot 2), deu- 
terohemin (Spot 3), hematohemin (Spot 4), coprohemin I or III (Spot 5), urohemin 
I (Spot 6), and artificial mixture of the above (1). See Table I for definition of 
the solvents. 


cate the complexity of the reaction, and it will be an interesting problem 
of its own. 

The method has been applied to a study of several natural products. 
(1) Coproporphyrins extracted from normal urine according to the procedure 
of Schwartz et al. (18) were converted into hemins, which had the same 
Ry value on the water-n-propyl alcohol-pyridine paper chromatogram as 
that of coprohemin. (2) A sample of unidentified heptacarboxylic §por- 
phyrin was isolated from a subject with porphyria (unpublished), who 
excreted more uroporphyrin III than uroporphyrin I, a normal level of 
coproporphyrins, and a considerable amount of this heptacarboxylic por- 
phyrin. The hemin prepared from this porphyrin showed absorption max- 
ima in pyridine-hydrazine at 549 and 519 my and revealed an R»r value 
of 0.93 in the water-n-propyl alcohol-pyridine system. The chromato- 
graphic results obtained from the lutidine-water system for the free por- 
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phyrin or its hemin, and from the kerosene-chloroform/kerosene-n-propyl 
alcohol system and the kerosene-chloroform-n-propyl alcohol system for 
the hemin ester, all indicate that it is a heptacarboxylic porphyrin. (3) 
The hematin prepared from a sample of commercial hemoglobin as well as 
that prepared from hemin ((8) p. 388) had the same paper chromatographic 
property as pure hemin. (4) Both hematin and hemin were prepared 
from a commercial product of catalase. Their absorption data and the 
Ry values in the water-n-propyl alcohol-pyridine system were identical 
with those of protohemin or protohematin. It has been generally ac- 
cepted that the prosthetic group of catalase is the same as that of hemo- 
globin since Zeile and Hellstrém’s demonstration (19). (5) When a sample 


06+ 
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o4r 
~ KC-KP 

02+ 

2 4 6 8 


No. -COOH or -COOMe Gr. 


Fic. 2. Relation of Ry values to the number of carboxy] or ester ; roups of hemins 
in different solvent systems. IW system for hemins; KC-KP and KCP systems for 
their methyl] esters. 


of commercial cytochrome c was heated with a mixture of silver nitrate 
and acetic acid and extracted with ether, a minute amount of a hemin was 
obtained. Its Rr value in the water-n-propyl alcohol-pyridine system was 
the same as that of hematohemin. This finding is in favor of Paul’s view 
(4) that “hematohemin c’”’ derived from cytochrome c is an isomer of hema- 
tohemin. 


SUMMARY 


The iron complexes of uro-, copro-, hemato-, deutero-, meso-, and proto- 
porphyrins in the form of corresponding hemin, hematin, or hematin ace- 
tate have been separated by a reversed phase paper chromatography with 
water, n-propyl alcohol, and pyridine as the solvent system and with sili- 
cone as the stationary phase. 
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A simplified lutidine-water system good for evaluating the number of 


carboxyl groups of hemins and free porphyrins has been presented. 


The method has been applied to the identification of hemins derived from 


catalase, cytochrome c, and other natural substances. 


A modified procedure for the preparation of hemin from red blood cells 


has been described. 
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THE ACTION OF CRYSTALLINE MUSCLE PHOSPHORYLASE 
ON OUTER CHAINS OF GLYCOGEN AND AMYLOPECTIN * 


By JOSEPH LARNERT 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri, and the Division of Biochemistry, Noyes Labora- 
tory of Chemistry, University of Illinois, Urbana, Illinois) 


(Received for publication, June 24, 1954) 


Degradation of biological macromolecules may take place by one of three 
enzymatic mechanisms. In the first (single chain), the enzyme remains 
attached to the substrate until a limit of degradation is reached before a 
new substrate molecule or unit is attacked. The second mechanism would 
be a partial or incomplete single chain mechanism. During an encounter 
between enzyme and substrate, several enzymatic acts would take place 
without a limit of degradation being reached. The third mechanism (mul- 
tichain) would correspond to a completely random degradation of several 
molecules or units by the same enzyme molecule. Schematically the first 
and third mechanisms may be illustrated as follows: If a segment of a 
branched polysaccharide (Fig. 1) which has four outer branches, or 2 sub- 
strate units, is degraded 24 per cent, a single chain degradation would pro- 
duce 1 unit of limit dextrin configuration, while a multichain degradation 
would yield no units of limit dextrin configuration. For further definition 
of terms, see ‘‘Discussion.”’ 

Previous studies have been carried out with proteins and polysaccharides 
as substrates. Linderstr6m-Lang reviewed experiments dealing with the 
hydrolysis of B-lactoglobulin by trypsin (2). Experimental conditions, 
chiefly temperature, altered the basic mechanism from single chain to 
mixed to multichain. A theory has been proposed to account for these 
findings. Simha has recently developed a theoretical treatment of this 
situation (3). Kerr and Cleveland (4) and Swanson (5) studied the @ am- 
ylolysis of the linear starch polymer amylose and found that degradation 
could be accounted for most satisfactorily by a single chain mechanism. 
French and coworkers used a linear heptasaccharide as substrate and could 
not detect the formation of smaller saccharides during partial degra- 
dation with B-amylase (6). This single chain mechanism changed to a 


* This work was supported at Washington University in part by a grant from the 
Corn Industries Research Foundation. A preliminary report of this work has ap- 


peared (1). 
t Present address, Division of Biochemistry, Noyes Laboratory of Chemistry, 


University of Illinois, Urbana, Illinois. 
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Degradation of biological macromolecules may take place by one of three 
enzymatic mechanisms. In the first (single chain), the enzyme remains 
attached to the substrate until a limit of degradation is reached before a 
new substrate molecule or unit is attacked. The second mechanism would 
be a partial or incomplete single chain mechanism. During an encounter 
between enzyme and substrate, several enzymatic acts would take place 
without a limit of degradation being reached. The third mechanism (mul- 
tichain) would correspond to a completely random degradation of several 
molecules or units by the same enzyme molecule. Schematically the first 
and third mechanisms may be illustrated as follows: If a segment of a 
branched polysaccharide (Fig. 1) which has four outer branches, or 2 sub- 
strate units, is degraded 24 per cent, a single chain degradation would pro- 
duce 1 unit of limit dextrin configuration, while a multichain degradation 
would yield no units of limit dextrin configuration. For further definition 
of terms, see ‘‘ Discussion.” 
| Previous studies have been carried out with proteins and polysaccharides 
as substrates. Linderstrém-Lang reviewed experiments dealing with the 
hydrolysis of 6-lactoglobulin by trypsin (2). Experimental conditions, 
chiefly temperature, altered the basic mechanism from single chain to 
mixed to multichain. A theory has been proposed to account for these 
findings. Simha has recently developed a theoretical treatment of this 
situation (3). Kerr and Cleveland (4) and Swanson (5) studied the 6 am- 
ylolysis of the linear starch polymer amylose and found that degradation 
could be accounted for most satisfactorily by a single chain mechanism. 
French and coworkers used a linear heptasaccharide as substrate and could 
not detect the formation of smaller saccharides during partial degra- 
dation with B-amylase (6). This single chain mechanism changed to a 


* This work was supported at Washington University in part by a grant from the 
Corn Industries Research Foundation. <A preliminary report of this work has ap- 
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multichain mechanism when the incubation was carried out at a pH or (6 
temperature unfavorable to the enzyme (7). Other workers (8, 9) have | fron 
criticized the evidence for the single chain mechanism of 8-amylase action. | man 
Experiments with potato phosphorylase have favored the multichain (c 
mechanism in the direction of synthesis (5, 10). dext 

The present work deals with the action of crystalline muscle phospho- | Sam 
rylase on the outer branches of glycogen and amylopectin. It is shown | of c1 
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Fig. 1. Degradation of outer chains of a segment of a branched polysaccharide : 
by single chain and multichain mechanisms. O-O, a-1,4-linked glucose residues; | tion 


O-@, a-1,6-linked glucose residues. stop 
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that the degradation does not conform to the single chain mechanism. A | The 
final decision between the second and third mechanisms is left open. (San 
EXPERIMENTAL 

Polysaccharides 


(a) Rabbit Liver Glycogen—The glycogens used (Samples 117-I and hour 
117-II) were two subfractions isolated from pooled rabbit livers after diges- | Afte 
tion in alkali essentially by the method of Somogyi (11) as previously | Se"t 
modified (12).' 2] 


' We are indebted to Dr. G. T. Cori for these samples. 
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(b) Rabbit Muscle Glycogen—The rabbit muscle glycogen was isolated 
from the muscles of the hind limbs and back of one rabbit in a similar 
manner. 

(c) Phosphorylase Limit Dextrins from (a) and (b)—Phosphorylase limit 
dextrin was prepared by incubation of a portion of rabbit liver glycogen 
Sample 117-II (246 mg.) with crystalline muscle phosphorylase (0.8 ml. 
of crystal suspension recrystallized nine times) in the presence of a 10-fold 
excess of inorganic phosphate. During the 4 hour incubation period at 
30°, 29.7 per cent of the polysaccharide was degraded. The partially 
degraded polysaccharide was purified by ethanol precipitations, including 
several at slightly acid pH as previously described (12), and isolated in 
theoretical yield. It was treated a second time with phosphorylase and 


inorganic phosphate. During a second 4 hour incubation period an addi- 
tional 4.6 per cent degradation (in terms of the original glycogen) took 
_ place.2. The limit dextrin was reisolated in theoretical yield from the re- 


action mixture by ethanol precipitation. It was washed with alcohol and 
ether and dried in air. Another sample of limit dextrin, previously pre- 
pared in a similar manner from rabbit liver glycogen, was also used.'! Since 


identical amounts of glucose were released by amylo-1 ,6-glucosidase action 
(13) from both samples, they are not further distinguished in the text. 


Phosphorylase limit dextrin of rabbit muscle glycogen was prepared in a 


similar manner. 


(d) “‘Equilibrated” Rabbit Liver Glycogen—Two samples of ‘“‘equili- 
brated” rabbit liver glycogen were prepared. The first (designated 
Sample E-1) was made by incubating 216 mg. of rabbit liver glycogen 


(Sample 117-I) and 8.9 mg. of glucose-1-phosphate (as glucose) in the 


presence of crystalline muscle phosphorylase (1732 units (14)) at 30° and 
pH 6.7. Phosphate equilibrium (74 per cent conversion) had already been 


reached when the first sample was taken for analysis at 2 hours. Incuba- 


tion was continued an additional 5 hours, at which time the reaction was 
stopped by adding an equal volume of absolute ethanol. The polysac- 
charide was isolated (98 per cent yield) by the methods described above. 


_ The second (Sample E-2) was prepared by incubating 195 mg. of glycogen 


(Sample 117-I) with 4360 units of crystalline muscle phosphorylase at 30° 
and pH 6.8. At 45 minutes, phosphate equilibrium had already been 
reached and 14.6 mg. of glucose-1-phosphate (as glucose) had been con- 


verted to polysaccharide. Incubation was continued for an additional 2} 


hours, at which time the reaction was stopped with ethanol as described. 
After isolation, the over-all recovery was 90 per cent. Sample E-1 repre- 
sents a 3 per cent increase in size or an average of 0.5 glucose unit added 


2 In a separate small scale experiment a total degradation of 32.8 per cent was 
found. 


| 
| 
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per outerchain. Sample E-2 represents a 7 per cent increase in size or an 
average of 1 glucose unit per outer chain. 

(ce) Amylopectins—The corn and wheat amylopectins, which were the 
same as those used in previous studies (13), were gifts of R. W. Kerr. 

Polysaccharides were isolated from enzymatic reaction mixtures in which 
incomplete degradation of outer chains had taken place by ethanol precipi- 
tation as described above. In some cases (when larger amounts of protein 
were present) isolation was preceded by 2 to 15 minutes digestion in 15 per 
cent NaOH at 100°. Nodifferences were found in polysaccharides isolated 
with or without alkaline digestion. In previous experiments no detecta- 
ble loss of radioactivity was noted when labeled polysaccharides were 
isolated after alkaline digestion.* 


Enzymes and Cofactors 


Phosphorylase was crystallized from extracts of rabbit muscle by the 
method of Green and Cori (14). It was recrystallized eight to eleven 
times to remove amylo-! ,6-glucosidase. Glucosidase was shown to be 
absent by the sensitive method previously described (15). 

Amylo-1 ,6-glucosidase was partially purified from pooled supernatant 
fluids obtained after centrifugation of the first crystals of phosphorylase.‘ 
All steps were carried out in the cold room at 3-5°. The pooled samples 
previously stored in the deep freeze were diluted with water to 1 per cent 
protein concentration. Amylase was removed by three to four starch 
adsorptions as previously described (15). Saturated ammonium sulfate 
solution (prepared at room temperature) at neutral pH was added to a 
saturation of 30.5 per cent. After standing for 10 minutes, the moderately 
heavy precipitate was removed by centrifugation and redissolved in 0.003 
M cysteine at neutral pH. The final volume was about one-half to three- 
fourths of the diluted starting material (supernatant fluid). The clear 
solution was dialyzed for 1 hour against 0.003 m cysteine to remove am- 
monium sulfate, frozen in small aliquots, and stored in the deep freeze. 
The specific activity of one of the best preparations was 4980 units per mg. 
of protein, about a 10-fold increase over previous preparations (15). The 
amylo-1 ,6-glucosidase preparations contained no detectable phosphogluco- 
mutase activity and only traces of amylase. Upon repeated thawing and 
freezing a precipitate of denatured protein formed and activity decreased. 

Crystalline phosphoglucomutase was prepared by the method of Najjar 
(16) and used without further treatment.’ Hexokinase was purified from 


3 Unpublished experiments of J. Larner. 

*It has previously been shown that about 30 per cent of the glucosidase activity 
is found in this supernatant fluid. 

5 We are indebted to Dr. D. H. Brown for one of the phosphoglucomutase samples 
used. 
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yeast by the method of Brown.® The material at a stage of purity of 20 
per cent was dialyzed against several changes of 0.01 mM acetate buffer at 
pH 5.4 overnight (to remove glucuse) and diluted 100-fold with 1 per cent 
solution of amorphous insulin. Zwischenferment was prepared by the 
method of Kornberg (17). Solutions containing 2 to 3 mg. per ml. were 
aged at 3° for 5 days to remove most of the 6-phosphogluconic dehydro- 
genase activity. A sample of glucose-1 ,6-diphosphate was generously 
donated by Dr. H. Z. Sable. 


Analytical 


The pH was determined with the glass electrode. Phosphate was 
determined by the method of Fiske and Subbarow (18). In reaction mix- 
tures containing inorganic phosphate (P) and glucose-l-phosphate (G-1-P), 
the inorganic phosphate was first precipitated with magnesia mixture 
(formula of Sacks (19)). The precipitates were allowed to stand at 
room temperature from 3 to 20 hours, centrifuged, filtered, and washed 
with one or two additional small aliquots of magnesia mixture. Upon 
dissolving the precipitates in acid, 94.5 to 97.5 per cent of the inorganic 
phosphate was recovered. The glucose-1-phosphate was determined after 
acid hydrolysis in 1 N H.SO, for 5 minutes at 100°. From 95 to 100 per 
cent of added glucose-l-phosphate was recovered in control experiments. 

For analysis of glucose-1-phosphate by reduction, aliquots were depro- 
teinized with the acid HgCl. reagent of Schenk. The clear filtrates (after 
removal of Hgt*+ with H.S, filtration, and aeration) approximately 0.3 Nn 
in HCl were hydrolyzed for 5 minutes at 100°. In some cases, reduction 
was determined directly without prior deproteinization. After neutraliza- 
tion glucose was determined by the method of Nelson (20). The more 
alkaline Reagent 60 of Shaffer and Somogyi (21) was used with a boiling 
time of 30 minutes. 

Glucose released from limit dextrin by amylo-1,6-glucosidase action 
was determined as follows. Reaction mixtures containing 0.001 mM cysteine 
at neutral pH were incubated at 30°. Aliquots removed at zero time and 
at various time intervals up to 2 hours were deproteinized with the HgCl. 
reagent of Schenk. After neutralization with solid KHCQOs;, microen- 
zymatic determination of glucose was carried out with hexokinase and 
Zwischenferment in aliquots containing 2 to 10 y of free glucose (15). Glu- 
cose controls were run at frequent intervals. The recovery of glucose 
added to Schenk filtrates was quantitative. 

Two points merit further discussion. In the microenzymatic determi- 
nation of glucose, it was found that before adding adenosinetriphosphate 
the optical densities sometimes decreased slowly. This decrease seemed 

‘We are indebted to Dr. F. kk. Hunter for the hexokinase samp]<, prepared by 
the unpublished method of D. H. Brown. 
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to be dependent on traces of H.S, since longer aeration (45 to 60 minutes 
instead of 15 minutes) stabilized the readings. Glucosidase action was 


often complete in 60 to 90 minutes, with no further increase at 120 min- } 


utes. When larger amounts of limit dextrin were incubated with gluco- 
sidase, the release of glucose often did not reach a definite end-point be- 
tween 90 and 120 minutes incubation, but continued at a slow rate. In 
such cases, the 90 and 120 minute values were arbitrarily averaged, since 


it is not known whether this further rise represents glucosidase or slight | 


amylase action. For further details see the text and Table IT. 

Protein was determined by the method of Robinson and Hogden (22), 
with crystalline bovine serum albumin as the standard. Polysaccharide 
was determined as free glucose after hydrolysis in HCI] for 4 hours at 100°. 


Ratio of (P)/(G-1-P) during Degradation by Muscle Phosphorylase 


During a study of the partial degradation of the outer chains of glycogen 


by muscle phosphorylase, abnormally high ratios of (P)/(G-1-P) were | 


found under apparent equilibrium conditions. The accumulation of limit 
dextrin’ during the degradation might account for these high ratios. Thus 
Hestrin (23) had previously shown that the equilibrium of the phosphory]- 
ase reaction, G, + G-1-P = G, ,1-+ P, was a function of the concentra- 


tion of limit dextrin in the limiting case in which enzymatic action was | 
occurring at or near the branch points. This follows from the fact that | 


the phosphorylase limit dextrin can serve as a primer (about half as well 
as glycogen on a weight basis), but cannot be further degraded. Under 
these conditions, the equilibrium expression must include the two polysac- 
charide terms; thus K = (G, 4) (P)/ (G,) (G-1-P).2 Under the usual 
experimental conditions, the number of end-groups on which enzymatic 
synthesis and degradation can occur does not change and the two polysac- 
charide terms cancel out of the equilibrium expression. Starting near 


equilibrium, Hestrin was able to show that the ratio (P)/(G-1-P) was | 
raised by the addition of limit dextrin to the reaction mixture to values as 


high as 2 times normal. 


In Table I the ratio (P)/(G-1-P) has been determined during the partial 
degradation of the outer chains of glycogen. Inorganic phosphate was | 
added in such amount that complete degradation down to the first tier® of | 


branch points could not occur. Experiments 6a, 6b, and 6c are directly 


7 For definition of terms, see ‘‘Discussion.”’ 

§G, represents limit dextrin, and G, , ; represents limit dextrin plus 1 additional 
glucose residue. It is recognized that the equilibrium treatment is meant to apply 
to activities of ions. For the sake of simplicity, the above notations are retained. 

* For a definition of tier, see Larner et al. (13). 
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idea, direct determination of limit dextrin in polysaccharide isolated after 
- partial removal of outer chains was therefore undertaken. 
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comparable and differ only in the addition of cysteine (Experiment 6b) or 
cysteine and adenylic acid (Experiment 6c). 

The ratios vary under the experimental conditions from values of about 
5 (Experiment 6a) to the normal value of about 3.7 at this pH (Experiment 
6c). The ionic strength of Experiment 6c has been calculated as 0.048. 


Trevelyan and coworkers (24) have recently determined the effect of ionic 


strength on the phosphorylase equilibrium. At pH 7.15 at ionic strength 


0.0223 they report an equilibrium constant of 3.54. The experiment which 


TaBLe I 
Ratio of Inorganic Phosphate to Glucose-1-phosphate during Incomplete Degradation 
of Outer Chains of Glycogen by Muscle Phosphorylase* 
Reaction mixture, 0.015 m phosphate, pH 7.4, glycogen 294 mg. per cent, cysteine 
0.0016 mM, adenylie acid approximately 0.002 mM, and 0.3 ml. crystal suspension; final 
volume 6.8 ml. For further details see the text. 


| | | Ratio, 
Experiment No. | pHt | Degradation | Additions Time | Car 
| | | | | reduction 
| per cent | min. | 
6a | 7.30 16.0 120 5.1 
| i390 | 4.9 
| | 240 4.6 
16.6 Cysteine 5.0 
| 4.9 
240 4.5 
6c 7.28 19.2 = + adenylic 120 4.2 
| acid 3.9 
| | 240 3.7 


* Rabbit liver glycogen, Sample 117-II, used in all experiments. 
+t Determined at end of experiment. 


has the highest enzyme activity (presence of adenylic acid) shows the 


lowest ratios. 


Equilibrium ratios of (P)/(G-1-P) were obtained when enzyme activity 
was increased. With lower levels of enzyme activity under similar condi- 


tions, elevated ratios were found. Attention was therefore directed to a 
slow rate-determining step in the attainment of equilibrium. One possi- 


bility might be the slow removal of limit dextrin by resynthesis of the 
To test this 
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16 PHOSPHOROLYSIS OF OUTER CHAINS 
TABLE II 
Action of Amylo-1,6-glucosidase on Glycogen, Limit Dextrin, and Mixtures 
min, percent 
Glycogen | 127 | 60 | 0.25 ri 
| | 90 | 0.31 
oe | 127 | 60 | 0.20 mi 
| | 90 | 0.33 pol 
| 120 | 0.33 gly 
142 60 | 0.29 
90 0.33 
120 0.37 
= 200 60 0.30 
90 0.29 
120 0.30 
E 
Limit dextrin 233 90 3.2 
| 120 3.8 
| 150 3.2 
475 | 60 2.8 
90 3.1 
120 3.2 
950 60 3.1 
90 3.6 
120 3.6 
Glycogen (6.0 mg.) + limit dextrin 119 60 3.5 — 
(2.1 mg.) 90 3.7 
| 120 3.8 
Glycogen (6.3 mg.) + limit dextrin 129 | 60 4.0 T 
(1.9 mg.) : 90 4.3 pres 
wees | | | 3.9 late 
* In some cases enzyme samples were used which had been frozen and unfrozer trea 
several times after determination of glucosidase activity. The enzyme activity 210 
probably was somewhat lower than that reported. si 
+ Isolated after digestion with alkali from a reaction mixture containing inactive (see 
phosphorylase. Rabbit liver glycogen, Sample 117-II, used in all of the experi- | T@5Y 
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Quantitative Determination of Limit Dextrin Configuration 


The polysaccharide formed after partial degradation with phosphorylase 
is isolated and incubated with amylo-1,6-glucosidase. If branch points 
have been exposed by the preceding phosphorylase action, they will be 
split off by glucosidase as free glucose, which is determined by a specific 
microenzymatic method. Control experiments with glycogen, limit 
dextrin, and mixtures of the two in the amounts expected in phosphorylase 
digestions are listed in Table II. Analysis of aliquots of the same reaction 
mixture removed at different times are given so that some idea of the end- 
point may be obtained. The recovery of limit dextrin in the presence of 
glycogen is satisfactory. The average values for glucose released by 
glucosidase action were 0.3 per cent for glycogen and 3.4 per cent for limit 
dextrin. The latter agrees with a previous determination (13). The 


TaBLe III 


Limit Dextrin Configuration Estimation of Polysaccharides from Degradations 
with Equilibrium and Non-Equilibrium Ratios 


Limit dextrin in 


Experiment No. ‘P) Glucosidase activity Glucose by : te f theoretical 
X pe GaP) Osidase a vity glucosidase action ica 
units per mg. 
polysaccharide per coms per con 
6a + 6b 4.6 108 0.62 21.0 
6c 3.7 121 0.37 9.8 


small base-line value for glycogen may represent slight amylase degrada- 
tion, along with the presence of a small amount of limit dextrin configura- 
tion. If all of the glucose arose from limit dextrin configuration, the 
amount present in the glycogen sample would be 8.8 per cent. Degrada- 
tion of limit dextrin with 23-fold increase of glucosidase activity led to no 
difference in amounts of glucose released, indicating that the amount of 
glucosidase used is not limiting. 

Table III lists enzymatic determinations of limit dextrin configuration 
present in two polysaccharides isolated from Experiments 6a, 6b, and 6c, 
Table I (Experiments 6a and 6b were pooled). The polysaccharide iso- 
lated from the reaction mixtures (Experiments 6a and 6b) which had the 
higher ratio of (P)/(G-1-P) released a higher per cent of glucose when 
treated with glucosidase. The yield of glucose corresponded to 9.8 and 
21.0 per cent of the theoretical value based on a single chain mechanism 
(see the calculations). The low yields are provisionally explained by 
resynthesis. As limit dextrin units are formed in the reversible reaction, 
they are subsequently removed by resynthesis with the glucose-1-phos- 
phate already present. 


| 
| 
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Sample Calculations 


I. Single chain mechanism, calculated 


(a) Outer chains removed or LD (limit (a) — X 100 = 48.5% 
dextrin) formed (%) = $3.6 
degradation 

complete degradation 

(6) LD formed (mg.) = (a) X polysac- (6b) 0.485 X 8.85 mg. = 4.29 mg. 
charide isolated (mg.) 

(c) Glycogen remaining = polysaccha- (c) 8.85 mg. — 4.29 mg. = 4.56 mg. 
ride isolated (mg.) — (6) 

(d) Glucose by glucosidase action from  (d) 0.034 XK 4.29 mg. = 0.146 mg. 
LD = 3.4% X (b) 

(e) Glucose by glucosidase action from  (e) 0.003 XK 4.56 mg. = 0.014 mg. 
glycogen = 0.3% X (c) 

(f) Total glucose by glucosidase action (f) 0.146 mg. + 0.014 mg. = 0.160 mg.; 
for single chain mechanism = (d) found, 0.055 mg. 
+ (e) 

IT. Multichain mechanism, calculated 


(a) Glucose by glucosidase action = 0.3 (a) 0.003 XK 8.85 = 0.027 mg. 
% X polysaccharide isolated (mg.) 


III. Single chain mechanism found (yield) 


(a) Assume I, f = 100% 
(b)  II,a = 0% 
(c) ‘¢ linear function between III, a and III, b 


(d) Calculated % yield, 0.055 = (0.160 — 0.027) on + 0.027 


100 


x = 0.21 X 100 or 21% 


Degradation by Phosphorylase and Phosphoglucomutase 


The accumulation of limit dextrin units was further studied, under 
conditions in which resynthesis was minimized, by the addition of varying 
amounts of phosphoglucomutase. The enzyme was chosen since, under 
equilibrium conditions, the ratio of glucose-6-phosphate to glucose-1- 
phosphate is about 95:5. The experiments of Table IV were performed 
by adding crystalline phosphoglucomutase to the reaction mixtures at 
zero time and at various subsequent time intervals to insure continuous 
mutase activity. Aliquots were removed, pipetted into 0.5 ml. of 0.3 Nn 
HCl, and the reducing power was determined before and after 5 minutes 
hydrolysis at 100°. With good mutase action there was a small increase 
(3 to 5 per cent) in reduction after hydrolysis. The recovery of polysac- 


charide from the reaction mixtures was satisfactory except in Experiments | 


8 and 11. In these two, polysaccharide may have been incompletely 


precipitated during isolation. It is reasonable to assume that no selective | 
loss of glycogen or partially degraded glycogen took place. With further 
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experience, recovery of polysaccharide in subsequent experiments is con- 
sistently high (Table V). 

The action of glucosidase on the isolated polysaccharides led to high 
values of free glucose (1.35 per cent in Experiment 11 as compared to 0.3 
per cent, which is the average control value). In terms of theoretical 
single chain mechanism, the experiments vary from 34.4 per cent (pH 
unfavorable for mutase action) to 77.6 per cent. In the latter case a cal- 
culation of the ratio of mutase to phosphorylase activity in terms of G-1-P 
removed leads to a value of 160/1. By increasing the ratio of mutase- 


TABLE IV. 


Formation of Limit Dezxtrin Configuration during Incomplete Degradation of Outer 
Chains of Glycogen by Phosphorylase in Presence of Phosphoglucomutase 


Yield of 
Glucose by | limit dextrin 
| glucosidase | in terms of 
action theoretical 
single chain 


Recovery 
Time Degradation of par. 
saccharide 


Glucosidase 


Experiment 
No. pH* activity 


| unils per 
min, per cent per cent mg. poly- per cent 

saccharide | 
7 6.70T 30 12.8 97.4 119 0.7 34.4 
8 7.21 240 13.9 73.0 107 0.96 51.9 
9 2402 22.0 91.0 126 1.4 54.7 
| 7.08 | | 89.0 132 1.02 59.8 
11f 7.04 | 240 | 14.9 67.2 132 1.35 77.6 


* Determined at end of experiment. 

T pH of inorganic phosphate used at start of experiment. 

¢ The reaction mixture contained 24.4 mg. of glycogen, 0.3 ml. of 0.1 m phosphate, 
0.06 ml. of 0.3 m cysteine, 0.003 ml. of 0.01 m glucose-1,6-diphosphate, 0.03 ml. of 
0.1 m Mg**, 11.8 units of! phosphorylase, 8 units of phosphoglucomutase; final volume 
3.0 ml. 


phosphorylase activity, increasing yields of limit dextrin configuration may 
be obtained. 


Degradation by Phosphorylase Alone 


Demonstration of the presence of limit dextrin configuration during 
phosphorolysis was used as an indicator to determine the mechanism of 
degradation. Two possibilities seemed apparent: Limit dextrin configura- 
tion could arise, on one hand, by means of single chain degradation. Al- 
ternatively, degradation by way of either multichain or mixed mechanisms 
could give rise to limit dextrin configuration if the outer chains of the 
starting polysaccharide had widely differing sizes, some short, others long, 
instead of a more uniform distribution in size. The experiments of Table 
V are presented to distinguish between these two possibilities. 


| 
| | | | | 
} 
| | 
| | 
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The distribution of outer chain sizes of rabbit liver glycogen has been 
altered by enzymatic equilibration with phosphorylase. Rabbit liver 
glycogen was incubated with phosphorylase in the presence of limited 
amounts of glucose-1-phosphate. Phosphate equilibrium was attained in 
a short time, and the incubation was continued for a longer time thereafter. 
Two such equilibrated polysaccharides were isolated and are designated in 


TABLE V 
Formation of Limit Dextrin Configuration after Degradation by Phosphorylase* 


Outer Poly- Glucose Yieid in 
| caine, | saccharide | | theoretical 
per cent per cent per cent per cent per cent 
Rabbit liver glycogen 
Sample 117-I 7.38 9.3 27.7 89.5 1.14 97.8 
13.4 39.8 102.0 1.1 62.2 
-:117-IT 7.45 12.7 37.8 100.0 1.13 71.4 
15.2 45.2 99.4 1.12 58.5 
16.2 48 .2 90.2 0.94 43.0 
ghee 7.40 9.5 26.8 86.2 0.86 67 .6 
14.0 39.4 107.0 0.94 52.3 
7.61 12.3 32.4 99.0 0.62 31.8 
15.8 41.5 96.5 0.58 21.8 
Rabbit muscle glycogen 7.61 12.1 31.8 96.4 0.80 33.2f 
16.3 42.8 94.8 0.68 19.8 
Wheat amylopectin 6.83 10.5 22.0 92.3 0.14 
6.83 13.1 27.5 90.5 0.18 
7.00 5.8 12.1 93.0 0.10 


* 24 units of phosphorylase per mg. of polysaccharide used in degradations. 

7 Determined at end of experiment. 

t The intact polysaccharide had 7.3 per cent a-1,6 links and was degraded 38.6 
per cent by phosphorylase. From the phosphorylase limit dextrin 4.1 per cent free 
glucose was released by glucosidase action. 


Table V as Samples E-1 and E-2. Two additional polysaccharides have 

been studied, rabbit muscle glycogen and wheat amylopectin. 
Polysaccharides isolated after incomplete removal of outer chains have 

been incubated with glucosidase and the glucose released determined 


microenzymatically. The partially degraded polysaccharides were iso- | 


lated in high yields, as is shown in Table V. The degradations are reported 
in terms of outer chains removed (complete phosphorylase action). Glu- 
cose liberated by glucosidase is reported both as per cent of polysaccharide 
analyzed and as per cent of theory in terms of a single chain mechanism. 
For example, samples of rabbit liver glycogen were analyzed after removal 
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of 27.7 to 48.2 per cent of outer chains. The per cent of glucose released 
by glucosidase action decreased from 1.14 to 0.94 per cent (3 to 4 times 
the control value of 0.3 per cent). In terms of theoretical single chain 
there was a much larger decrease from 97.8 to 43.0 per cent. 

Decreased liberation of glucose by glucosidase action took place after 
partial removal of outer chains from Samples E-1 and E-2. The lower 
yields in the case of Sample E-2 indicate more complete equilibration of 
the outer chains of this polysaccharide. It does not seem likely that the 
small increase (10 per cent in the case of Sample E-2) in average outer 
chain length alone could account for these results. 

Further evidence against the single chain mechanism is provided by 
similar experiments with muscle glycogen and wheat amylopectin. Lower 
amounts of glucose were obtained from muscle glycogen, and no glucose 
was derived from wheat amylopectin above the control value under the 
conditions tested. 

Since great variations in yield of limit dextrin configuration were found 
with four polysaccharides of about the same average outer chain length, 
and practically no limit dextrin configuration with one of a greater chain 
length, it is felt that the single chain mechanism could not explain these 
results. 

These findings therefore are interpreted as degradation occurring by 
either the multichain or partial single chain mechanisms or some combina- 
tion thereof. To explain the different yields of limit dextrin configura- 
tion, the factor of size distribution of outer chain lengths is also introduced. 
According to these findings in terms of asymmetry of outer chain sizes, the 
following list may be provisionally arranged: rabbit liver glycogen, Sam- 
ple E-1, Sample E-2, muscle glycogen, and amylopectin. 

The effect of pH on the yield of limit dextrin configuration during phos- 
phorolysis as well as ultracentrifugal studies of the partially degraded 
polysaccharides will be the subject of future communications. 


DISCUSSION 


(ilycogen and amylopectin, the substrates used, are irregularly branched 
tree-like structures (13). Two types of outer branches are present, those 
which terminate at the branch points in 1,4 links and those which terminate 
in 1,6 links. The former have been called L chains or main branches, and 
the latter Q chains or side branches (25, 15). In the asymmetric muscle 
phosphorylase limit dextrin the L chains become shortened to 5 to 6 glu- 
cose residues, and the Q chains become shortened to 1 glucose residue. It 
is these shortened side branches which are hydrolyzed by the glucosidase 
to free glucose. A molecule of glycogen, mol. wt. 1,000,000, has about 
400 outer branches, or 200 substrate units, assuming that each outer chain 
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ends in a branch point of the first tier (muscle glycogen). Such a pair of 
chains, which on degradation leads to a configuration susceptible to glu- 
cosidase action, is termed a substrate unit. The configuration produced by 
phosphorylase acting on a substrate unit is termed a unit of limit dextrin 
configuration (Fig. 1). 

Single chain degradation is defined as degradation in which the enzyme 
remains attached to the substrate unit until a limit of degradation is 
reached (unit of limit dextrin configuration). Multichain degradation, 
in the present case, is the random phosphorolysis of the terminal, non- 
reducing glucose residues of the outer chains. In the single chain mech- 
anism, which might in the present case be called single unit degradation, 


the tendency to remove a second glucose moiety from the same unit is | 


greater than the tendency to remove an additional glucose from another 
unit. The opposite is true in the multichain mechanism. After a glucose 
residue has been removed, the enzyme has a greater tendency to remove 
the next residue from another unit than from the same unit. The mixed 
or intermediate mechanism is then an abortive or shortened single chain 


attack in which degradation does not proceed to a limit. Various com- | 


binations are possible; for example, a combination of the random and 
intermediate mechanisms might occur in the following way. If the en- 
zyme first attacked the long chains in a random manner until the chains 


were shortened to a size which was suitable to subsequent attack by the | 


intermediate mechanism, a combined mechanism would result. 


Two subfractions of a pooled sample of rabbit liver glycogen gave the | 


highest yields of limit dextrin configuration after partial removal of outer 
chains by phosphorylase (Table V). Prior incubation of the glycogen 
with phosphorylase in the presence of small amounts of glucose-1-phos- 
phate decreased the yields on subsequent phosphorolysis. The average 
outer chain length of the two “equilibrated” glycogens increased only 5 
and 10 per cent respectively (9.5 and 10 as compared with 9 for the un- 


treated liver glycogen). In addition muscle glycogen (average outer © 
chain length 9) gave lower yields, and wheat amylopectin (average outer | 


chain length 13) gave no limit dextrin under the conditions tested. 


The differences between rabbit liver glycogen before and after “equili- | 
bration” are a small increase in average outer chain length and presumably | 


a difference in distribution of outer chain sizes. Single chain degradation 


would require similar yields of limit dextrin configuration before and after © 
“equilibration.”” Therefore it is felt that phosphorylase under these © 


conditions does not follow a single chain mechanism. In agreement with 
this conclusion are the lower yields with muscle glycogen and no limit 
dextrin configuration with wheat amylopectin. A decision between the 
other two possibilities must await future work. 
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The factor of asymmetry of outer chain sizes may now be mentioned. 
Since the yield of limit dextrin is decreased with ‘equilibration,’ one 
might speculate concerning the cause of the apparent asymmetric distribu- 
tion of outer chain lengths of the starting material. This might possibly 
come about by an imbalance either between phosphorylase and the branch- 
ing enzyme when glycogen was being deposited, or between phosphorylase 
and the debranching enzyme when glycogen was being broken down. Also 
small amylase action (known to split the outer chains first (26)) would 
explain a wide range in distribution of size of the outer chains. It is 
interesting that muscle glycogen, which is not subject to such wide meta- 
bolic fluctuations as is liver glycogen, seems to have a more uniform range 
of outer chain sizes. Since wheat amylopectin has an average outer chain 
size so different from that of the glycogens, it is more difficult to distinguish 
between chain length per se and distribution of sizes. 


SUMMARY 


The mechanism of degradation of the outer chains of glycogen and 
amylopectin by crystalline muscle phosphorylase has been studied. Con- 
version of the outer chains to units of limit dextrin configuration during 
phosphorolysis has been followed enzymatically with amylo-1,6-glu- 
cosidase. 

High yields of limit dextrin configuration expressed in terms of per cent 
of theory for a single chain mechanism were found with rabbit liver glyco- 
gen. That resynthesis of the units of limit dextrin configuration to longer 
chains takes place during the over-all degradation is indicated by the 
decreased yield which occurs with increased phosphorolysis. Also, degra- 
dation carried out in the presence of excess phosphoglucomutase results in 
increased yields of limit dextrin configuration. 

Decreased yields of limit dextrin configuration were found after enzyma- 
tic “equilibration” of the outer chains of rabbit liver glycogen. Also 
lower yields were obtained with rabbit muscle glycogen, and no limit 
dextrin configuration from wheat amylopectin, under the conditions 
studied. 

From these experiments it is proposed that the mechanism of phos- 
phorolysis by crystalline muscle phosphorylase is not single chain in charac- 
ter, but either partial single chain or multichain. The high yields found 
with rabbit liver glycogen are explained on the basis of an asymmetric 
distribution of outer chain sizes in this polysaccharide. 


The author wishes to acknowledge the advice and many helpful discus- 
sions of Dr. M. Cohn, Dr. C. F. Cori, and Dr. H. E. Carter. It is through 
an initial suggestion of Dr. M. Cohn that this work was begun. The 
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PHOSPHATIDYL SERINE* 


By ERICH BAER anp JONAS MAURUKAST 


(From the Banting and Best Department of Medical Research, University 
of Toronto, Toronto, Canada) 


(Received for publication, June 28, 1954) 


Thudichum in 1884 (1) described a brain phosphatide which was char- 
acterized by its solubility in ether and insolubility in ethyl alcohol. For 
many years it had been assumed that this fraction consisted of a single 
substance, namely cephalin (diacylglycerylphosphoryl ethanolamine). In 
recent years Folch (2-5) was able to show that Thudichum’s ‘“cephalin 
fraction” is a mixture of at least three phosphatides, two of which contain 
a nitrogenous base. One of the nitrogenous phosphatides had the chemi- 
cal structure classically assigned to cephalin. The other phosphatide, on 
hydrolysis with acid, yielded L-serine and the components of a phosphatidic 
acid, namely glycerophosphoric acid and fatty acids, in the molecular 
ratios of 1:1:2. The fatty acids were identified as stearic and oleic acids. 
A positive reaction with ninhydrin or nitrous acid and a negative reaction 
with periodic acid revealed that the phosphatidic acid was attached to the 
alcoholic group of serine. Thus, according to Folch, the second nitro- 
genous component of Thudichum’s cephalin fraction has the structure of 
a (oleylstearoyl) glycerophosphoric acid O-ester of L-serine. Formula I 
(Diagram 1) sums up the structural details of phosphatidyl serine revealed 
by Folch’s work. Several other important structural features, e.g. the 
position of phosphoric acid, oleic acid, and stearic acid and the configura- 
tion of the phosphatidyl moiety, remained to be determined. For this 
reason further work on the elucidation of the structure and configuration of 
this most interesting constituent of brain matter seemed desirable. 

By taking into consideration positional, geometric, and optical isomer- 
ism, a natural phosphatidyl serine, containing a saturated and a mono- 
unsaturated normal fatty acid, theoretically might possess the structure of 
any one of the sixteen a isomers or eight 8 isomers shown in Fig. 1 by 
Formulas 1 to 24. The identification of the unsaturated fatty acid as 
oleic acid and of serine as L-serine by Folch, however, reduces to six the 
number of possible isomers for the phosphatidyl serine of ox brain. If it 
were possible to synthesize these isomers (Formulas 1, 4, 9, 12, 17, and 21) 


* The synthesis of phosphatidyl serines was reported in a lecture presented before 
the 120th meeting of the American Chemical Society, New York, September, 1951. 

+t This paper forms part of a thesis to be submitted by Jonas Maurukas to the De- 
partment of Pathological Chemistry of the University of Toronto in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 
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by unambiguous methods, a comparison of the synthetic phosphatides and 
ox brain phosphatidyl serine would reveal the complete structure of the 


latter. At the present time, however, no method is known which would | 
permit the synthesis of stereoisomers of phosphatidyl] serines, substituted | 
by two different fatty acids in specified positions. If, however, the ox | 
brain phosphatidyl serine is hydrogenated, its reduction product must pos- | 
sess one of the structures shown by Formulas 25, 26, or 27. These fully | 
saturated phosphatidyl serines can be synthesized by our methods. A | 
comparison of the synthetic compounds and the reduced form of the nat- | 
ural phosphatidyl serine would then reveal two of the missing structural | 


details of the natural phosphatidyl serine molecule that are of particular 
interest with regard to its biosynthesis, 7.c. the structure and configuration 
of its glycerophosphoric acid moiety. 

The fact that the naturally occurring lecithins, cephalins, and plasma- 


logens thus far investigated were found to be L-a isomers (6-11) seemed a © 
strong indication that the natural phosphatidyl serine would possess the © 


same structure and configuration and hence on reduction should yield t-a- 
(distearoyl) phosphatidyl L-serine (Formula 25). For this reason first con- 
sideration was given to the synthesis of this isomer. The procedure for its 
synthesis is shown in the accompanying reaction scheme. D-a,6-Distearin 
(II), prepared by the method of Sowden and Fischer (13), was phosphoryl- 


ated with phenylphosphory} dichloride in the presence of pyridine, yield- | 


ing a mixture of distearoyl L-a-glycerylphenylphosphoryl chloride (III) 


and tetrastearoyl bis(L-a-glyceryl)phosphoric acid phenyl ester (IV). | 


Without separating the mixture, the distearoyl L-a-glycerylphenylphos- 
phoryl chloride (III) was immediately esterified with N-carbobenzoxy-t- 
serine benzyl ester (V), yielding distearoyl L-a-glycerylphenylphosphory] 
N-carbobenzoxy-t-serine benzyl ester (VI) and probably, as a second by- 
product, bis(N-carbobenzoxy-L-serine benzyl ester) phenyl phosphate. 
Compound VI was isolated and freed of its protective phenyl, carbobenz- 


oxy, and benzyl groups in one operation by catalytic hydrogenolysis with | 
a mixture of platinum and palladium as catalyst. The t-a-(distearoyl)- | 
phosphatidyl t-serine' (VII) was obtained in the form of a fine white | 


powder in an over-all yield of 23 per cent. Its analytical values for car- 


bon, hydrogen, nitrogen, and phosphorus agreed well with those calculated | 
for formula VII. At room temperature, the L-a-(distearoyl)phosphatidy] | 


L-serine is insoluble in most of the commonly used organic solvents, but it 
is moderately soluble in warm chloroform or benzene. It is levorotatory 
in chloroform as well as in benzene. In both solvents the optical activity 

1 The guiding principles in establishing the steric classification of enantiomeric 


glycerides and related compounds have been outlined by Fischer and Baer (14). See 
also Baer (15), Baer, Maurukas, and Russell (10), and Baer and Kates (7). 
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changes with temperature. These changes are particularly marked in 
chloroform. 

The phosphatidyl serine of ox brain was isolated by Folch’s procedure 
(3, 5) and hydrogenated catalytically as described in the following paper. 


~ ~ 
P—$er. —P—Ser. —P—Sser —P —Ser. 
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Fic. 1. Number of theoretically possible isomers of mixed acid phosphatidyl 
serines containing a saturated and a monounsaturated fatty acid. Formulas 1 to 
16, a-phosphatidy] serines; Formulas 17 to 24, B-phosphatidy] serines (configuration 
arbitrarily assigned). —, ester linkage; mm, saturated fatty acid;™, cis unsatu- 
rated fatty acid; —, trans unsaturated fatty acid. 
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Fig. 2. Possible structures of product obtained on hydrogenation of ox brain 
phosphatidyl] serine. 


The reduction product which analyzed for (distearoyl) phosphatidyl] serine 
was levorotatory both in chloroform and benzene, and its optical activity 
in these solvents showed changes with variation in temperature which were 
of the same magnitude and direction as those exhibited by the synthetic 
L-a-(distearoy]) phosphatidyl L-serine. The reduction product of the nat- 
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4 
| OCeHs | 
I. -c-00C-R H-C-O0C-R + H-C-00C-R 
pyridine | 
eC-O0C-R HeC-O00C°R HgC-00C 
III IV 
)-« , B -diglyceride 
R-COO-CHe COO* CHe R-CO0-CHe COOCHs 
CeHs CeHg 
pyridine 
| | 0 
4 Hec—O—P-C1 HeC-OH H,C-O-P 0 CHa 
OCeHs 
III VI 
Pt, Pd, He | 
yl COOH 
to 
on R-COO-C-H H2N-C-H 
u- re) | 
" 
HeC CHe 
OH 
VII R= -(CHe)ac6CHs 
4 
: Reaction Scheme—The structure of L-a-phosphatidyl L-serine is expressed by the 
uncharged formula, since further research is needed to reveal its exact electronic 
structure. Recently, Garvin and Karnovsky (12) have shown by electrometric 
in titration in a system of 99 per cent 2-ethoxyethanol, 1 per cent water, and 0.001 m 
potassium chloride that the partially unsaturated phosphatidyl serine of ox brain, 
as isolated by Folch’s procedure, appears to exist with the carboxyl group mostly in 
the anionie form, and the a-amino group entirely in the imine salt form. These 
ne observations most likely apply also to the saturated phosphatidyl serine. The 
ty L-a-phosphatidyl p-serines, pb-a-phosphatidyl L-serines, and  pb-a-phosphatidy] 
re p-serines should be obtainable by the same procedure by using the appropriate start - 
ing materials, an L-a,8-diglyceride and the N-carbobenzoxy-p-serine benzyl 
, ester for the p-phosphatidyl and p-serine moieties, respectively. 
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ural phosphatidyl] serine thus is identical with L-a-(distearoy]) phosphatidyl] 
L-serine. Hence, the phosphatidyl moiety of the phosphatidy] serine of 
ox brain possesses the ‘‘a structure and L configuration.”? The constitution 
of the natural phosphatidyl serine as far as it is now known is shown by 
formula Ia (Diagram 1). Still to be determined are the relative positions 
of the fatty acids. 

The fact that natural representatives of four groups of glycerolphos- 
phatides, z.e. lecithins, cephalins, plasmalogens, and phosphatidyl] serines, 
were found to possess a structure and L configuration must have biological 
significance. As has been stated by us on other occasions (11, 14, 16), it 
is not improbable that the apparent sole occurrence of L-a-glycerophos- 
phoric acid in natural phosphatides is an indication that their phosphatidyl 
moieties are synthesized biologically by a common procedure and from a 
common starting material, which may be the L-a-glycerophosphoric acid 
of the carbohydrate cycle. 


The N-carbobenzoxyserine benzyl esters, which have not been reported — 
previously, were obtained by carbobenzoxylating the serines and treating 


the sodium salts of the carbobenzoxyserines with benzyl bromide. 


The carbobenzoxyserines were prepared at first by the procedures of | 
Bergmann and Zervas (17) and Fruton (18). This method, however, did © 
not always give satisfactory results in our laboratory. Later it was found © 
that by following the procedure of Bergmann and Zervas for the carbo- | 
benzoxylation of L-glutamic acid (17, 19), that is when magnesium oxide — 
was used instead of sodium hydroxide and the reaction was carried out in © 


the presence of ether, the N-carbobenzoxy-L-, D-, and pDL-serines can be 


obtained consistently in yields ranging from 70 to 75 per cent. The subse- | 
quent introduction of the benzyl group offered no difficulties. The N-car- | 
bobenzoxyserine benzyl esters were obtained in yields of approximately 70 — 
per cent. Both the carbobenzoxyserines and the N-carbobenzoxyserine © 
benzyl esters gave negative Van Slyke tests for free amino groups, indicat- _ 


ing the absence of the O-carbobenzoxy derivatives. 


To satisfy ourselves that the introduction of the carbobenzoxy and © 
benzyl groups into serine and their removal! proceed without racemization, | 
the N-carbobenzoxy-L-serine benzyl ester was freed of its protective groups | 
by catalytic hydrogenolysis. The recovered L-serine was found to possess _ 


the specific rotation of pure L-serine. The N-carbobenzoxy-L- and p-serine 
benzyl esters are thus structurally and optically pure compounds. 

In view of the recent isolation of a number of lipopeptides from serum 
(20, 21) the synthesis of fully saturated glycerolphosphatides containing 
peptide chains of increasing complexity is being undertaken in this labora- 
tory. The synthesis of these substances will be reported in subsequent 


papers. 
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EXPERIMENTAL 


N-Carbobenzoxy-L-serine”: *—In a 500 ml. 2-necked, round bottomed flask 
equipped with a mechanical stirrer and surrounded by an ice water bath 
were placed 12.5 gm. of magnesium oxide,‘ a solution of 10.5 gm. (0.1 
mole) of L-serine® ({a], —14.2° in 1 Nn HC]; ¢c, 10) in 175 ml. of water, and 
80 ml. of ether. To the vigorously stirred ice-cold mixture were added 
dropwise 26.4 gm. of carbobenzoxy chloride (17, 24) over a period of 20 
minutes. After 2 hours of stirring, the cold bath was removed and the 
stirring was continued for an additional 30 minutes. At the end of this 
period the mixture was freed of most of the magnesium oxide by centrifu- 
gation, the decanted supernatant solutions were separated, and the aqueous 
layer was washed twice with 75 ml. portions of ether. On careful acidifi- 
cation of the chilled aqueous solution to the Congo red end-point with 5 
n hydrochloric acid, an oil separated which crystallized slowly. After 
standing for 2 hours in the ice box, the white solid was collected on a 
Biichner funnel, washed with small amounts of ice-cold water, and dried 
in vacuo over sodium hydroxide. The crude carbobenzoxy-L-serine, weigh- 
ing 19.8 gm., melted from 115-120°. An additional 1.2 gm. of crude ma- 
terial were obtained by extracting the aqueous solution with ether and 
removing the solvent under reduced pressure. The combined dry solids 
(21.0 gm.) were finely powdered and added to 320 ml. of ethyl acetate, and 
the mixture after warming to 40° was stirred for 30 minutes. The undis- 
solved material was removed by centrifugation and the solution was 
brought to dryness under reduced pressure at a bath temperature of 30—40°. 
The solid residue was dissolved in 77 ml. of boiling ethyl acetate and the 
solution, while still hot, was cleared by centrifugation. To the decanted 
supernatant solution were added 225 ml. of hot chloroform. The mixture 
was permitted to attain slowly room temperature and then was kept in an 
ice box overnight. The precipitate was collected with suction on a Biich- 
ner funnel and dried in vacuo over paraffin. The N-carbobenzoxy-t-serine 


2 After our manuscript had been submitted for publication an article appeared 
by Moore et al. (22) also describing the preparation of N-carbobenzoxy-L-serine. 
While the procedure of Moore et al. and our method give practically identical yields 
of the serine derivative, the use of magnesium oxide instead of sodium hydroxide 
makes the close supervision of the pH during the reaction unnecessary and thus sim- 
plifies the procedure. 

*The preparation of the N-carbobenzoxy-L-serine was carried out with the col- 
laboration of Mr. H. C. Stancer. 

4A magnesium oxide (Analar) which is marketed by The British Drug Houses, 
Ltd., London, and which is a very light material, proved to be most satisfactory. 

5 The p- and L-serines were prepared by the method of Price, Gilbert, and Green- 
stein (23). We wish to thank Dr. Greenstein for a generous gift of hog kidney acy- 
lase. 
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weighed 17.3 gm. (72.3 per cent of theory) and melted from 119-120°,; | 
[a], +5.8° (c, 7 in glacial acetic acid); reported by Fruton (18), m.p. 121°; | 
[a], +5.6°. The Van Slyke test for free amino groups was negative. The 


substance was pure enough for further processing. 


N-Carbobenzoxy-p-serine—It was prepared as described for the iso- 


mer; m.p. 119°; [a], —5.6° (c, 7 in glacial acetic acid). 


N-Carbobenzoxy-DL-serine—The compound was prepared as described for | 


the L isomer and recrystallized from boiling ethyl acetate (12 ml. per | 


gm. of substance) by the addition of low boiling petroleum ether (36 ml. | 
per 1 gm. of substance). Yield 75 per cent; m.p. 124-125°; reported by | 


Bergmann and Zervas (17), m.p. 125°. 
N-Carbobenzoxy-u-serine Benzyl Ester—To a vigorously stirred solution 


of 6.14 gm. (0.073 mole) of sodium bicarbonate (Analar) in 190 ml. of dis- | 
tilled water 17.3 gm. (0.072 mole) of carbobenzoxy-.L-serine were added in | 
small portions. The solution was cleared by centrifugation if necessary, | 


and the decanted slightly opalescent supernatant solution was brought 
to dryness in vacuo (bath 30-40°) with the occasional addition of a few 


drops of octyl alcohol to prevent foaming. The finely powdered residue | 
was dried thoroughly in vacuo (0.1 mm.) over sodium hydroxide at room | 
temperature. The sodium salt of N-carbobenzoxy-.-serine, weighing 18.9 | 
gm., was added to 125 ml. of N,N-dimethylformamide® and most of it | 


was brought into solution by warming the mixture to 80°. After the ad- 


dition of 42.2 ml. (0.35 mole) of benzyl bromide, the mixture was kept ina | 
closed vessel at 70° for 20 hours. At the end of this period the dimethyl- | 


formamide and benzyl bromide were distilled’ in vacuo (8 to 10 mm. of Hg) 


at a bath temperature of 80°, the last traces of both being removed at 0.1 | 
mm. of Hg. The residue was taken up in 450 ml. of ether and 70 ml. of | 


water, the water layer was removed, and the ether solution was washed in 


succession with 25 ml. of a saturated sodium bicarbonate solution and 75 | 


ml. of water. After drying the ether solution with anhydrous sodium sul- 


fate, the solvent was removed under reduced pressure. The benzyl ester | 


was recrystallized by dissolving in 50 ml. of warm carbon tetrachloride 
(40°), adding 16 to 20 ml. of petroleum ether (b.p. 35-60°), and letting the 
solution slowly attain room temperature (20°). After 3 hours the solid 
was collected with suction on a Biichner funnel, washed with a minimal 
amount of a mixture of carbon tetrachloride and low boiling petroleum 
ether (2:1), and dried in vacuo over sodium hydroxide. The benzyl ester 


6 The dimethylformamide was obtained from E. I. du Pont de Nemours and Com- 
pany, Inc., Wilmington, Delaware. Before use it was dried over anhydrous calcium 
sulfate (Drierite) and fractionally distilled under normal pressure. 

7 The distillation in its later stages is accompanied by violent bumping which 


can be minimized by inserting through the cork a narrow glass tube which only at 


its upper end is drawn out into a capillary. 
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weighed 16.65 gm. (70 per cent of theory) ;? over-all yield 50.6 per cent 
(based on L-serine). For analysis the benzyl ester was recrystallized once 
more as described above; m.p. 84—-85°; [a], +5.7° (c, 4 in chloroform). 
The Van Slyke test for free amino groups was negative. 


CysHigOsN (329.3). Calculated. C 65.64, H 5.81, N 4.25 
Found. 65.63, 5.80, 4.21, 4.30 


N-Carbobenzoxy-p-serine Benzyl Ester—It was prepared as described for 
the Lisomer. Yield 76 per cent; m.p. 83.5—-84.5°; [a], —5.5° (c, 4 in chloro- 
form). 


CisHigOsN (329.3). Calculated. C 65.64, H 5.81, N 4.25 
Found. 65.61, 5.84, 4.27 


N-Carbobenzoxy-pu-serine Benzyl Ester—It was prepared as above. 
Yield 70 per cent; m.p. 72.5-73.5°. 


CisHiyO;N (329.3). Calculated. C 65.64, H 5.81, N 4.25 
Found. 65.81, 5.91, 4.25 


Removal of Protective Groups and Recovery of L-Serine—A solution of 1.7 
gm. of N-carbobenzoxy-L-serine benzyl ester ({a], +5.7°) in 20 ml. of 
glacial acetic acid in the presence of 200 mg. of palladium catalyst (25) 
was shaken in an atmosphere of hydrogen until the absorption of hydrogen 
ceased (approximately 40 minutes). After adding a few ml. of distilled 
water, to redissolve the serine, the catalyst was removed and the solution 
of serine brought to dryness in vacuo. The serine (0.5 gm., 92 per cent of 
theory) after one crystallization from water and ethanol had a specific ro- 
tation of +14.8° (c, 5 in 1 N HCl); original u-serine, [a], +14.8° (1 N HCl). 


| -a-(Distearoyl) phosphatidyl u-Serine 


O-(Distearoyl L-a-Glycerylphenylphosphoryl) N-Carbobenzoxy-L-serine Ben- 
zyl Ester. Phosphorylation—In a 300 ml. round bottomed, 3-necked 
flask equipped with an oil-sealed stirrer, calcium chloride tube, and drop- 
ping funnel, and immersed in a water bath kept at 7°, were placed 6.29 gm. 
(30.0 mmoles) of freshly fractionated phenylphosphory] dichloride, 4.75 gm. 
(60.0 mmoles) of anhydrous pyridine? and 12 ml. of anhydrous and ethanol- 
free chloroform.'!® The stirrer was set in motion and a solution of 18.7 
gm. (30.0 mmoles) of p-distearin (13) in 150 ml. of chloroform!® was added 
dropwise over a period of 25 minutes. The stirring was continued. 15 


8 If the yield is lower, the mother liquor is concentrated in vacuo, and to the ben- 
zene solution of the residue is added low boiling petroleum ether. 

9 Pyridine of good commercial grade was refluxed over barium oxide and distilled 
with the exclusion of moisture. : 

10 Prepared for immediate use by distillation from phosphorus pentoxide. 
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minutes after the last of the distearin had been added, the bath was re- 
moved and the solution was permitted to attain room temperature gradu- 
ally (25°). 1 hour after the removal of the bath 9.5 gm. (120 mmoles) of 
anhydrous pyridine, followed several minutes later by 9.85 gm. (30.0 
mmoles) of N-carbobenzoxy-L-serine benzyl ester, were added. The stir- 
ring was stopped as soon as the solution had become clear. 

Isolation of Phosphorylation Product—After standing for 20 hours at 
room temperature the reaction mixture was concentrated under reduced 
pressure at a bath temperature of 35—40°, and the residue was freed of 
pyridine as thoroughly as possible in a high vacuum (0.1 to 0.01 mm.). 
The solid was extracted with 100 ml. of boiling ether and the mixture was 
separated by centrifugation. The extraction was repeated twice with 100 
ml. portions of boiling ether. The combined turbid extracts were washed 
successively with three 130 ml. portions of 0.1 ~ sulfuric acid, two 100 ml. 
portions of water and, without removing the solid material, were dried 
over anhydrous sodium sulfate. The ether extract after filtration was 
brought to dryness under reduced pfessure (bath 30-35°) and the residue 
was treated with 250 ml. of boiling:petroleum ether (b.p. 35-60°). The 
warm extract was cleared by centrifugation and diluted with 370 ml. of 
petroleum ether (b.p. 35-60°). After standing at room temperature (25°) 
for 14 hours the oily material was removed by centrifugation and the solu- 
tion was kept in an ice bath for 3 hours. The cold mixture then was cen- 
trifuged quickly (to avoid loss of material by redissolving) and the precipi- 
tate was washed once with 40 ml. of ice-cold low boiling petroleum ether. 
The solid material, which after drying in vacuo over sodium hydroxide 
weighed 21.6 gm., was added to 130 ml. of 99 per cent ethanol and the 
mixture, kept in a water bath at 56° + 2°, was stirred for 15 minutes. The 
warm solution was centrifuged, the insoluble material was treated once 
more with 40 ml. of warm (56°) 99 per cent ethanol, and the combined 
alcohol extracts were permitted to stand at room temperature (25°) for 
at least 6 hours. The solid was collected with suction on a Biichner funnel 
and recrystallized from 130 ml. of 99 per cent ethanol as described above. 
The material now weighing 12.7 gm. was added to 185 ml. of acetone at 
25° and the mixture was stirred for 10 minutes. The undissolved material 
was centrifuged and treated once more in the same manner with 65 ml. of 
acetone. The combined acetone extracts were brought to dryness under 
reduced pressure (bath 35-40°). In order to obtain the substance in the 
form of a fine powder it was dissolved in boiling petroleum ether (b.p. 
35-60°) and the solution was brought to dryness under reduced pressure 
without using a bath. The residue was freed of the last traces of solvent 
and was dried in a high vacuum over sodium hydroxide. The distear- 
oyl t-a-glycerylphenylphosphoryl N-carbobenzoxy-.L-serine benzyl ester 
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weighed 10.9 gm. (33.2 per cent of theory based on distearin); m.p. 58.5— 
59.5° (with slight sintering at 56°); [a]?’ +8.45° (c, 7 in dry and ethanol- 
free chloroform). This figure is in good agreement with the calculated 
value of [a], +8.6°, which is the arithmetic sum of the specific rotations 
of the two optically active moieties, namely N-carbobenzoxy-.-serine 
benzyl ester (+5.7°, CHCl;) and distearoyl L-a-glycerophosphoric acid 
monopheny] ester (+2.9°), the latter value being the mean of the specific 
rotations of distearoyl L-a-glycerophosphoric acid (+3.8°, CHCl) and its 
diphenyl ester (+2.0°, CHC];). 


C 63H »s012NP (1092.4). Calculated. C 69.26, H 9.04, Nl. 28, P 2. 83 
Found. 69.20, 9.43, 1.26, 2.86 
69.26, 9.33, 1.30, “ 2.90 
“ 1.2, ** 2.82 
1.26 


O-(Distearoyl L-a-Glycerylphosphoryl) t-Serine—A mixture of 2.2 gm. of 
platinum oxide" (Adamsg’ catalyst) and 2.2 gm. of palladium black (25), 
both freshly prepared, and 50 ml. of glacial acetic acid!? were shaken in an 
all-glass hydrogenation vessel of 1 liter capacity in an atmosphere of hy- 
drogen until the absorption of hydrogen ceased (approximately 40 min- 
utes). After the hydrogen had been displaced with nitrogen, the acetic 
acid was decanted, and the mixture of catalysts was washed with three 100 
ml. portions of glacial acetic acid.“ <A clear solution of 10.9 gm. of O- 
(distearoyl L-a-glycerylphenylphosphoryl) N-carbobenzoxy-t-serine benzyl 
ester in 275 ml. of luke warm glacial acetic acid was added, the nitrogen 
was displaced by hydrogen, and the mixture was shaken vigorously at 
room temperature (25°) in an atmosphere of hydrogen at an initial pressure 
of 50 cm. of water until the absorption of hydrogen ceased (approximately 
11 hours). After displacing the hydrogen by nitrogen, the contents of the 
hydrogenation vessel were centrifuged, the precipitate was extracted twice 
with 110 ml. of boiling chloroform, and the combined extracts were brought 
to dryness under reduced pressure at a bath temperature of 30-35°. The 
residue was triturated in succession with glacial acetic acid, water, acetone, 
and ether, with two 80 ml. portions of each of the four solvents. The 
substance, weighing 6.70 gm. after drying zn vacuo, was dissolved in 70 ml. 


11 'The catalyst was prepared as described in ‘‘Organic syntheses’’ (26), with the 
exception that the sodium nitrate was replaced by an equimolecular amount of potas- 
sium nitrate (Cook and Linstead (27)). 

12 C.p. reagent. 

13 Electrolytically produced hydrogen was used. 

14 This treatment removes most (>90 per cent) of the potassium introduced with 
the Adams’ catalyst. The washed mixture of catalysts is, however, considerably 
less active. The reduction of the platinum oxide prior to its use has the advantage 
of yielding a catalyst which does not peptize with chloroform. 


e- 

of 

r- 

at | 

). 

aS 

x6 | 

l. 

of 

e | 

] 


36 PHOSPHATIDYL SERINE 


of a boiling mixture of chloroform and acetic acid (22:1, volume per vol- 
ume) and the solution was freed by centrifugation of small amounts of 
catalyst. To the decanted and warm solution were added 330 ml. of ether 
and the mixture was kept overnight at room temperature. The finely sus- 
pended material was centrifuged, washed with a small volume of ether, 
and dried in vacuo over sodium hydroxide. The L-a-(distearoyl) phospha- 
tidyl L-serine, a fine white powder which was free of potassium, weighed 
5.45 gm. (68.8 per cent of theory); the over-all yield was 22.9 per cent 
(based on distearin). The substance, on heating at a rate of 7-8° per min- 
ute, started to sinter at approximately 120° and from there on changed 
gradually to a translucent brown mass which melted with the formation of 
a meniscus and decomposition from 159-161°.'5. 16 At room temperature 
the phosphatidyl] serine is insoluble in most of the commonly used organic 
solvents, but it is moderately soluble in warm chloroform. It is also in- 
soluble in water, but in the presence of alkali forms readily aqueous emul- 
sions. 

(792.1). 

Calculated. C 63.68, H 10.43, N 1.77, P 3.91, glycerol 11.61 

Found. 63.37, 10.18, 1.78, 3.96, 11.46 


63.61, 10.74, 1.75, 3.91 


Optical Activity of Synthetic L-a-(Distearoyl) phosphatidyl u-Serine. In 
Chloroform—The phosphatidyl] serine (0.25 to 0.30 gm.) was dissolved in 
approximately 7 ml. of boiling chloroform! and the solution, after cooling 
to room temperature, was made up with chloroform to a volume of 10.0 
ml. The solution, centrifuged if necessary, was transferred to a 1 dm. 
polarimeter tube which was provided with a central tubulation, and jacket 
for water circulation, and then heated to approximately 50°. The first set 
of rotations was obtained by lowering the temperature stepwise from 48— 
19.6° (Fig. 3). The temperature of the chloroform solution then was 
raised again in successive steps to 48°, yielding the second set of rotations. 
The optical readings were made approximately 40 minutes after the chloro- 
form solutions had attained constant temperature. The temperature of 
the chloroform solution was measured by using a short stem thermometer 
with a range of 50°. As Fig. 3 shows, the optical activity changes practi- 
eally linearly within a temperature range of 20°. At the present time we 
are unable to make a definite statement as to the cause of this phenome- 
non. It is possible that it is the result of changes in the molecular associa- 
tion of the phosphatide with temperature and that the constant specific 


16 The melting point is uncorrected and was determined in a capillary tube by 
using an electrically heated bath of n-butyl phthalate and short stem thermometers 
with a range of 50°. 

16 The melting point varies slightly with the rate of heating. 
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rotation of —5.2° at temperatures of 40° and over represents that of the 
mono- or almost monomolecular L-a-(distearoyl)phosphatidyl tL-serine. 
The observed specific rotation of —5.2° is in fairly good agreement with a 
calculated value of —3.0°, which is the sum of the specific rotations of 
distearoyl L-a-glycerophosphoric acid ([a], +3.8°, CHCl;) and of L-serine 
((a], —6.83°, H.O), although the rotation of the latter has been determined 
in a different solvent. 

In Benzene—Determined as described for chloroform. On lowering the 
temperature of a 2.7 per cent solution of the L-a-(distearoyl) phosphatidyl] 


| 
-18,0|_ 
3 
4 
aa 
6.01, ned 

| | | | 

To) 20 30 40 50°C. 


Fic. 3. The specific rotation-temperature relationship of L-a-(distearoy]) phos- 
phatidy] L-serine in chloroform. @, first set of rotations; O, second set of rotations. 
The changes in concentration with temperature are not sufficient to warrant cor- 
rections of the specific rotations. 


L-serine in thiophene-free benzene from 47.5° to 35.0° and 26.0° in 1 hour 
intervals, the specific rotation changed from —19.4° to —22.2° and —23.2°, 
respectively. Changes in optical rotation, however, were also observed 
when the benzene solution was kept for a longer time at a constant tem- 
perature. Under these conditions the observed rotational changes, for 
example, at 26° were as follows: [a], —23.2° (0 hour), —23.8° (3 hours), 
— 25.6° (5.5 hours), —28.2° (8 hours), and —33.0° (12.5 hours). At the 
end of this period the solution, although still transparent, had become 
rather viscous. 


SUMMARY 


A method is reported permitting the synthesis of fully saturated a- 
phosphatidyl serines in any one of the four possible stereoisomeric forms. 
The method involves three steps: (a) phosphorylation of an a,8-diglyc- 
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eride with phenylphosphoryl] dichloride and pyridine, (b) esterification of | 
the resulting diacylglycerylphenylphosphory] chloride with N-carbobenz- | 
oxyserine benzyl ester, and (c) removal of the protective groups by cata- | 


lytic hydrogenolysis. 


L-a-(Distearoyl) phosphatidyl L-serine has been synthesized. Its prop- | 


erties have been found to be identical with those of the reduction product 
of phosphatidyl] serine of ox brain. Hence the natural phosphatidy] serine 
has the a structure and L configuration. 


The phosphatidyl serines thus constitute the fourth class of naturally 


occurring glycerolphosphatides for which we have established the a struc- 
ture and L configuration. It seems increasingly likely that the glycerol- 
phosphatides occur in nature only as L-a isomers. 

The synthesis of the N-carbobenzoxy-L-, p-, and DL-serine benzyl esters 
is described. 


This work was supported by a grant from the Nutrition Foundation, 
Inc., New York, to which the authors wish to express their sincere thanks. 
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THE DIAZOMETHOLYSIS OF GLYCEROLPHOSPHATIDES. 
A NOVEL METHOD OF DETERMINING THE 
CONFIGURATION OF PHOSPHATIDYL 
SERINES AND CEPHALINS* 


By ERICH BAER anp JONAS MAURUKAS 


(From the Banting and Best Department of Medical Research, University 
of Toronto, Toronto, Canada) 


(Received for publication, June 28, 1954) 


In the preceding paper (1) the synthesis of O-(distearoyl L-a-glyceryl- 
phosphoryl) L-serine (I) and its use in the elucidation of the structure and 
configuration of ox brain phosphatidyl serine have been reported. While 
trying to establish the identity of the reduction product of the natural 
phosphatidy] serine and synthetic L-a-(distearoyl) phosphatidyl] L-serine by 
comparing their specific rotations, difficulties were encountered which were 
caused mainly by the very limited solubility of these substances in most 
of the commonly used organic solvents. It was thought that the methyl 
esters of the phosphatidyl serines would be more suitable for this purpose 
and would be readily obtainable by means of diazomethane. The action 
of diazomethane on I yielded a substance which to our surprise had, how- 
ever, a very low content of nitrogen. It was found that the residual nitro- 
gen could be removed by chromatography by using a column of silicic acid. 
The white crystalline product thus obtained gave the correct analysis for 
a distearoyl glycerophosphoric acid dimethyl ester. A comparison with 
authentic distearoyl L-a-glycerophosphoric acid dimethyl] ester revealed it 
to be the pure L-a isomer. Thus obviously a cleavage of the phosphatidyl 
serine ester linkage has occurred with the simultaneous formation of the 
dimethyl ester of its phosphatidic acid moiety (see the accompanying re- 
action scheme). The unique and extremely useful feature of this reaction, 
for which we propose the name “diazometholysis,’! is that it takes place 


* This paper forms part of a thesis to be submitted by Jonas Maurukas to the De- 
partment of Pathological Chemistry of the University of Toronto in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 

1A reaction which might be mentioned since it bears some resemblance to the 
ester cleavage described in this communication has been reported by Herzig and 
Tichatschek (2). These authors found that, on treating monoacety] diethylphloro- 
glucinol with diazomethane, the acetyl group is replaced by a methyl group. Ac- 
cording to Herzig and Tichatschek the reaction requires water to proceed. We have 
not investigated this aspect of the diazometholysis. If water were required, its 
amount would be very small, approximately 2.2 to 2.6 per cent of the weight of the 
phosphatide, and could easily have been present in our solvents. It is of interest to 
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without structural or configurational changes in the phosphatidic acid 
moiety. The diazometholysis thus offers a simple and unambiguous 
method for the elucidation of the structure and configuration of the glycero- 
phosphoric acid moiety of phosphatidyl serine. The new method requires 
the identification of the phosphorus-containing cleavage product which is 
readily accomplished by comparison with phosphatidic acid dimethyl] es- 
ters of known constitution and configuration. 

The preparation of the dimethyl esters of distearoyl, dipalmitoyl, and 
dimyristoy] L-a-glycerophosphoric acid, as reference compounds, by meth- 
ylation of the corresponding L-a-phosphatidic acids (4) with diazomethane 
is described in the experimental part of this paper. The synthesis and 
properties of phosphatidic acid dimethy] esters with fatty acids containing 
20 and 22 carbon atoms, which might be expected as cleavage products of 
the hydrogenated forms of the highly unsaturated glycerolphosphatides, 
will be reported later. 


H.C—OOC 
CH.N, 
—> 


R,-COO—C—H 
O 


| 
H, C—O—P—OCH;—CH—R; 


OH NH, 
L-a-Phosphatide 


H:C—OOC-R, 


R:-COO—C—H 
O 
H.2C—O—P(OCH;). 
L-a-Phosphatidic acid 
dimethyl ester 


= —(CH2)i6CHs, —(CH2)14CHs, —(C 12CHs3; = —H (cephalin)? 
—COOH (phosphatidyl serine). 


note that Julian, Meyer, and Iveson (3) claim to have obtained methylated cephalins 
by treating cephalins or cephalin-containing phosphatide mixtures with diazometh- 
ane in anhydrous ether. The methylated cephalins, however, were not isolated and 
the criterion used by Julian et al. (3), 7.e. the lowering of viscosity of a chocolate mix- 
ture by the reaction product, is not sufficient to justify the assumption of the for- 
mation of methylated cephalins. The experiments of Julian et al. thus do not ex- 
clude the possibility that the diazometholysis proceeds also in anhydrous ether and 
that the viscosity-lowering effect was due to the formation of phosphatidic acid 
dimethy] esters. 
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In view of the fact that the structure and configuration of natural glye- 
erolphosphatides hitherto could be established only by comparison with syn- 
thetic phosphatides of known constitution and configuration, a more simple 
and universally applicable method seemed desirable. On treating syn- 
thetic L-a-(distearoyl)lecithin, L-a-(distearoyl) or L-a-(dimyristoyl) ceph- 
alin with diazomethane at room temperature, it was found that the 
cephalins reacted with the formation of the pure enantiomers of the cor- 
responding phosphatidic acid dimethy! esters, whereas the lecithin was 
recovered unchanged. The reaction therefore seems to be restricted to 
phosphatides with a free amino group, e.g. phosphatidyl! serines and cepha- 
lins. The feasibility of cleaving plasmalogens with diazomethane has not 
yet been tested, since these phosphatides are difficult to obtain and a good 
method for the isolation of their phosphatidyl moiety with its original 
structure and configuration already exists. 

Judged by our experience, the cleavage of phosphatidy] serines seems to 
proceed with somewhat greater ease than that of cephalins. The length 
of the fatty acids apparently has very little or no influence on the rate of 
cleavage, but is significant since it determines the solubility and the melt- 
ing point of the phosphatidic acid dimethyl esters and thus has a direct 
bearing on the ease with which these substances can be purified and identi- 
fied. Unsaturated phosphatidyl] serines and cephalins which would yield 
phosphatidic acid dimethyl esters with inconveniently low melting points 
should be reduced catalytically prior to their diazometholysis. 

The elucidation of the structure and configuration of the glycerophos- 
phoric acid moiety of phosphatidyl serines and cephalins has now be- 
come a comparatively simple task. It is only necessary to treat the satu- 
rated phosphatide with diazomethane and to determine the optical activity 
of the purified phosphatidic acid dimethyl ester. A specific rotation of 
+1.9°, +2.0°, or +2.3° for chloroform solutions of the dimethy] esters of 
distearoyl, dipalmitoyl, “or dimyristoyl glycerophosphoric acid, respec- 
tively, indicates that the original phosphatide is a pure L-a isomer. 

To test our method on a natural glycerolphosphatide, phosphatidyl 
serine was isolated from ox brain by Folch’s procedure (5, 6) and converted 
to the fully saturated phosphatide by catalytic hydrogenation. The satu- 
rated phosphatidyl] serine on treatment with diazomethane yielded an op- 
tically pure distearoy] L-a-glycerophosphoric acid dimethyl] ester. Hence, 
both the saturated phosphatidyl serine and its unsaturated precursor are 
a tsomers and possess the L configuration. This confirms by an independent 
method our earlier assignment of the a structure and L configuration to the 
phosphatidyl moiety of phosphatidyl serine of ox brain (see the preceding 
paper (1)). 

It is conceivable that the diazomethane procedure may prove to be useful 
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without structural or configurational changes in the phosphatidic acid 
moiety. The diazometholysis thus offers a simple and unambiguous 
method for the elucidation of the structure and configuration of the glycero- 
phosphoric acid moiety of phosphatidyl serine. The new method requires 
the identification of the phosphorus-containing cleavage product which is 
readily accomplished by comparison with phosphatidic acid dimethy] es- 
ters of known constitution and configuration. 

The preparation of the dimethyl] esters of distearoyl, dipalmitoyl, and 
dimyristoy] L-a-glycerophosphoric acid, as reference compounds, by meth- 
ylation of the corresponding L-a-phosphatidic acids (4) with diazomethane 
is described in the experimental part of this paper. The synthesis and 
properties of phosphatidic acid dimethy] esters with fatty acids containing 
20 and 22 carbon atoms, which might be expected as cleavage products of 
the hydrogenated forms of the highly unsaturated glycerolphosphatides, 
will be reported later. 


H.C—OOC:-R, 
CH.N; 


R,COO—C—H 
O 


H; C—O—P—O 


OH NH, 
L-a-Phosphatide 


H,z.C—OOC 


R,;-COO—C—H 
O 


L-a-Phosphatidic acid 
dimethyl ester 


Ri = —(CH2)isCHs, —(CH2)4CHs, R. = —H (cephalin)’ 
—COOH (phosphatidyl serine). 


note that Julian, Meyer, and Iveson (3) claim to have obtained methylated cephalins 
by treating cephalins or cephalin-containing phosphatide mixtures with diazometh- 
ane in anhydrous ether. The methylated cephalins, however, were not isolated and 
the criterion used by Julian et al. (3), 7.e. the lowering of viscosity of a chocolate mix- 
ture by the reaction product, is not sufficient to justify the assumption of the for- 
mation of methylated cephalins. The experiments of Julian et al. thus do not ex- 
clude the possibility that the diazometholysis proceeds also in anhydrous ether and 
that the viscosity-lowering effect was due to the formation of phosphatidic acid 
dimethy] esters. 
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In view of the fact that the structure and configuration of natural glye- 
erolphosphatides hitherto could be established only by comparison with syn- 
thetic phosphatides of known constitution and configuration, a more simple 
and universally applicable method seemed desirable. On treating syn- 
thetic L-a-(distearoyl)lecithin, L-a-(distearoyl) or L-a-(dimyristoyl) ceph- 
alin with diazomethane at room temperature, it was found that the 
cephalins reacted with the formation of the pure enantiomers of the cor- 
responding phosphatidic acid dimethyl esters, whereas the lecithin was 
recovered unchanged. The reaction therefore seems to be restricted to 
phosphatides with a free amino group, e.g. phosphatidyl! serines and cepha- 
lins. The feasibility of cleaving plasmalogens with diazomethane has not 
yet been tested, since these phosphatides are difficult to obtain and a good 
method for the isolation of their phosphatidyl moiety with its original 
structure and configuration already exists. 

Judged by our experience, the cleavage of phosphatidyl serines seems to 
proceed with somewhat greater ease than that of cephalins. The length 
of the fatty acids apparently has very little or no influence on the rate of 
cleavage, but is significant since it determines the solubility and the melt- 
ing point of the phosphatidic acid dimethyl esters and thus has a direct 
bearing on the ease with which these substances can be purified and identi- 
fied. Unsaturated phosphatidyl serines and cephalins which would yield 
phosphatidic acid dimethyl esters with inconveniently low melting points 
should be reduced catalytically prior to their diazometholysis. 

The elucidation of the structure and configuration of the glycerophos- 
phoric acid moiety of phosphatidyl serines and cephalins has now be- 
come a comparatively simple task. It is only necessary to treat the satu- 
rated phosphatide with diazomethane and to determine the optical activity 
of the purified phosphatidic acid dimethyl ester. A specific rotation of 
+1.9°, +2.0°, or +2.3° for chloroform solutions of the dimethyl] esters of 
distearoyl, dipalmitoyl, or dimyristoyl glycerophosphoric acid, respec- 
tively, indicates that the original phosphatide is a pure L-a isomer. 

To test our method on a natural glycerolphosphatide, phosphatidyl 
serine was isolated from ox brain by Folch’s procedure (5, 6) and converted 
to the fully saturated phosphatide by catalytic hydrogenation. The satu- 
rated phosphatidyl] serine on treatment with diazomethane yielded an op- 
tically pure distearoyl L-a-glycerophosphoric acid dimethyl] ester. Hence, 
both the saturated phosphatidyl serine and its unsaturated precursor are 
a isomers and possess the L configuration. This confirms by an independent 
method our earlier assignment of the a structure and L configuration to the 
phosphatidyl moiety of phosphatidyl serine of ox brain (see the preceding 
paper (1)). 

It is conceivable that the diazomethane procedure may prove to be useful 
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in freeing natural lecithins from accompanying cephalins and phosphatidyl] 
serines. ‘This could be accomplished by treating the lecithin mixture with 
diazomethane, adsorbing the unchanged lecithin on a silica column, re- 
moving the degradation products with chloroform, and eluting the lecithin 
with methanol. 

The possibility of utilizing the diazometholysis in the elucidation of the 
structure of nucleic acids and other organic phosphates of biological inter- 
est is being explored. 


EXPERIMENTAL 


Phosphatidic Acids—The phosphatidic acids were prepared by the 
method of Baer (4), except that (a) the platinum oxide? was reduced and 
the platinum black was washed with several portions of glacial acetic acid 
prior to its use as catalyst® in the reductive cleavage of the phosphatidic 
acid diphenyl esters, and (b) the phosphatidic acids instead of being re- 
crystallized from acetone were reprecipitated from benzene with petro- 
leum ether (b.p. 35-60°). 

Distearoyl t-a-Glycerophosphoric Acid—M.p. 75.5-76.5°;* [a] +3.7° in 
chloroform! (c, 9.2). 


CssH770sP (705.0). Calculated. C 66.44, H 11.09, P 4.39 
Found. 66.53, 11.22, 4.43 


Dipalmitoyl L-a-Glycerophosphoric Acid—M.p. 70-71°; [a], +4.0° in 
chloroform (c, 5). 


C3sH6sOsP (648.9). Calculated. C 64.78, H 10.72, P 4.77 
Found. ** 64.98, 10.80, 4.76 


Dimyristoyl L-a-Glycerophosphoric Acid—M.p. 61.5-62.5°; [a] , +4.3° in 
chloroform (c, 10). 


C3:3H 60OsP (592.8). Calculated. C 62.81, H 10.37, P 5.23 
Found. “ 62.55, “ 10.32, ‘* 5.21 


Phosphatidic Acid Methyl Esters—To a solution of the dimyristoyl or 
dipalmitoyl phosphatidic acid or to a suspension of the distearoyl phos- 


2 The platinum oxide was prepared as described by Adams, Voorhees, and Shriner 
(7), with the exception that the sodium nitrate was replaced by an equimolecular 
amount of potassium nitrate (Analar) (8). 

*The platinum catalyst on washing with acetic acid loses some of its activity. 
To prevent explosion the washing should be carried out in a nitrogen atmosphere. 

‘ All melting points were determined in capillary tubes by using an electrically 
heated bath of n-butyl phthalate and short stem thermometers with a range of 50°. 

5 Prepared for immediate use by distillation from phosphorus pentoxide. 

* All calculated analytical values in this communication were obtained by using 
the atomic weights of 12.01 for C, 1.008 for hydrogen, and 30.97 for P. 
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phatidic acid in anhydrous ether (10 ml. per 1 gm. of phosphatidic acid) 
was added in small portions a cold solution of diazomethane in ether until 
the yellow color persisted. After standing at room temperature for 12 
hours the solution was filtered and brought to dryness under reduced pres- 
sure. 

Distearoyl L-a-Glycerophosphoric Acid Dimethyl Ester—Yield 92 per cent; 
m.p. 51.5-52.5°. For analysis the ester was recrystallized from methanol 
(100 ml. per 1.5 gm. of ester; cooled to 20°) and dried in vacuo over phos- 
phorus pentoxide; m.p. 52—53°; [a] » +1.9° in chloroform (c, 9.9). 


CyiHg,0sP (733.04). Calculated. C 67.17, H 11.14, P 4.23 
Found. ** 67.30, 11.22, 4.23 


Dipalmitoyl t-a-Glycerophosphoric Acid Dimethyl Ester—Yield 93 per 
cent; m.p. 41.5-42.5°. Recrystallized twice from methanol (20 ml. per 1 
gm. of ester; cooled slowly to 0° while centrifuged). Dried as described 
above; m.p. 42.5—-43.5; [a] ,» +2.0° in chloroform (c, 7.6). 


C37H730sP (676.95). Calculated. C 65.65, H 10.87, P 4.57 
Found. 65.79, 10.79, 4.57 


Dimyristoyl L-a-Glycerophosphoric Acid Dimethyl Ester—Yield 93 per 
cent; m.p. 31-32°. Recrystallized from methanol (15 ml. per 2 gm. of 
ester; cooled slowly to —3° while centrifuged). Dried as above; m.p. 32- 
33°; [a] » +2.3° in chloroform (c, 9). 


C33H 6s0sP (620.85). Calculated. C 63.84, H 10.55, P 4.99 
Found. 64.01, 10.56, 4.97 


The phosphatidic acid dimethy] esters are insoluble in water, but readily 
soluble at room temperature in most of the common organic solvents. 


Diazometholysis of Synthetic Glycerolphosphatides 


O-(L-a-Distearoylglycerylphosphoryl) t-Serine—To a solution of 1.5 gm. 
of the synthetic phosphatidyl] serine (1) in 40 ml. of chloroform (U. 8S. P.) 
was added gradually at room temperature (22—24°) a freshly prepared so- 
lution of diazomethane (9) in ether until the yellow color persisted. After 
standing over night the solution was freed by centrifu,ation from a small 
amount of solid material and brought to dryness under reduced pressure at 
a bath temperature of 20—-25°. The residue which was not yet fully soluble 
in ether was dissolved in 40 ml. of a mixture of chloroform and ether (1:1) 
and treated a second time with an excess of diazomethane. The solution 
after standing at room temperature for 6 hours was brought to dryness 
under reduced pressure, the residue was taken up in ether, in which it was 
now freely soluble, and was treated again for several hours with an excess 
of diazomethane. When the diazomethane and ether were removed under 
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reduced pressure, a yellowish solid was obtained which on treatment with 
charcoal’ in ether and recrystallization from methanol (40 ml. and cooling 
to 0°) gave 1.1 gm. (79 per cent) of distearoyl L-a-glycerophosphoric acid 
dimethyl ester. To remove small amounts of nitrogenous impurities, a 
solution of the ester in 5 ml. of chloroform was passed through a column 
of 10 gm. of silicic acid (height 7 em.), the column was washed with 60 to 
100 ml. of chloroform, and the combined effluents were brought to dryness 
under reduced pressure. The colorless dimethyl ester after drying in 
vacuo weighed 0.88 gm. and was free of nitrogenous material. The final 
yield of distearoyl L-a-glycerophosphoric acid dimethyl] ester was 63 per 
cent; m.p. 52-53°; [a] » +1.9° in chloroform (c, 8.5). 


(733.04). Calculated. P 4.23, OCH;' 12.69 
Found. 4.20, -:12..35 


O-(L-a-Distearoylglycerylphosphoryl) Ethanolamine—To a solution of 0.60 
gm. of the synthetic L-a-(distearoyl) cephalin (11) in 6 ml. of chloroform 
(U.S. P.) was added an ethereal solution of diazomethane at such a rate that 
at all times an excess of diazomethane was present, but the precipitation of 
unreacted cephalin by ether was avoided. The solution was permitted to 
stand at room temperature for 24 hours. At the end of this period the 
solvents were removed under reduced pressure and the residue, after dis- 
solving in chloroform, was treated once more with diazomethane for 24 
hours. On removal of the solvents and diazomethane under reduced pres- 
sure, a product was obtained which for the greater part was soluble in 
ether. The solution of the residue in ether, freed of insoluble material, 
was given a final treatment with diazomethane lasting 24 hours. The 
solution was brought to dryness and the ester was recrystallized from 20 
ml. of methanol by cooling to 0°. The ester was purified further by pass- 
ing its chloroform solution through a column of 8 gm. of silicic acid (height 
6 cm.) covered by a layer of 2 gm. of Whatman cellulose powder (standard 
grade). The recovered distearoy! L-a-glycerophosphoric acid dimethy] es- 
ter weighing 300 mg. (51 per cent of theory) still contained traces of nitro- 
gen (< 0.1 per cent); m.p. 52-53°; [a] , +1.9° in chloroform (c, 5). 

CyHs,0sP (733.04). Calculated. P 4.23 
Found. 


O-(L-a-Dimyristoylglycerylphosphoryl) Ethanolamine-—The cleavage of the 
dimyristoy!] cephalin (11) with diazomethane, the purification of its cleav- 
age product by recrystallization from methanol, followed by decoloriza- 


7 The charcoal had been thoroughly washed with dilute hydrochloric acid, water, 
alcohol, and ether. 

8’ Determined by the method of Viebéck and Schwappach (10). The propy! iodide 
formed from glycerol is expressed in terms of methoxyl. 
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tion with charcoal’ and treatment with silicic acid and cellulose, as 
described for the stearic acid homologue, yielded the L-a-(dimyristoy])gly- 
cerophosphoric acid dimethyl ester; m.p. 30.5-32.0°; [a] , +2.2° in chloro- 
form (c, 5). 

L-a-(Distearoylglycerylphosphoryl) Choline—A solution of 0.35 gm. of the 
lecithin (12, 13) in chloroform was treated repeatedly with diazomethane 
as described for cephalin and phosphatidyl serine. No evolution of nitro- 
gen was observed. The diazomethane and solvents were removed by dis- 
tillation in vacuo, the residue was dissolved in chloroform, and the solution 
was passed through a column of silicic acid. The effluent on evaporation 
was found to be practically free of solid material (12 mg.). Washing the 
column with methanol yielded 83 per cent of unchanged lecithin. 

Identical results were obtained on attempted diazometholysis of L-a- 
(dipalmitoy]) lecithin. 

Diazometholysis of Naturally Occurring Glycerolphosphatide—Phospha- 
tidyl serine was isolated from ox brain (Preparation I, 1.5 kilos; Prepara- 
tion II, 2.0 kilos) and purified by the method of Folch (5, 6). 

Phosphatidyl Serine (Free Acid)—Preparation I, 2.3 gm. of tan-colored 
material, [a]? —13.8° in chloroform (c, 6).2 Calculated for (oleylstea- 
royl)phosphatidyl serine, P 3.92, N 1.77; found, P 3.82, N 1.72 per cent. 
Preparation II, 3.3 gm. of tan-colored material. Found, P 3.97, N 1.86 
per cent. 

Catalytic Reduction of Phosphatidyl Serine of Ox Brain—250 mg. of plati- 
num oxide (Adams’ catalyst) suspended in 50 ml. of a mixture of chloro- 
form and 99 per cent ethanol (1:1, volume per volume) were reduced to 
platinum black in an all-glass hydrogenation vessel of 400 ml. capacity.!° 
To the catalyst was added a solution of 3.1 gm. of unsaturated phospha- 
tidyl serine (Preparation II) in 50 ml. of the chloroform-ethanol mixture 
and the vessel was shaken vigorously at room temperature in an atmos- 
phere of hydrogen at an initial pressure of 50 cm. of water until the absorp- 
tion of hydrogen ceased. In approximately 3 hours 240 ml. of hydrogen 
were consumed. When the hydrogen had been displaced by nitrogen, the 
catalyst was removed by centrifugation and the supernatant solution was 
brought to dryness under reduced pressure. The residue was washed in 
succession with three 30 ml. portions of acetone, one 30 ml. portion of 


* This rotation is very similar to that of the saturated phosphatidy] serine in 
the same solvent and at the same temperature. At the time the rotation of the un- 
saturated phosphatidy] serine was determined, we had not yet observed the marked 
changes in optical activity with temperature exhibited by the saturated phosphatidy] 
serine. Hence, we have only one specific rotation to report for the unsaturated phos- 
phatidyl serine. 

10 Tf the platinum oxide is reduced in the presence of the phosphatide, a plati- 
num black is obtained which tends to form a colloidal suspension in chloroform. 
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ether, and dried in vacuo. The reduction product, a slightly grayish pow- ob 
der, weighed 2.0 gm. It was recrystallized from 40 ml. of boiling chloro- in 
form by cooling the solution to +6°. The material was collected by suc- dir 
tion on a Biichner funnel, dried by suction, and triturated in succession 
with three 30 ml. portions of glacial acetic acid and two 20 ml. portions of in 
each of the following solvents: water, acetone, and ether. The saturated am 


phosphatidyl] serine, after drying in vacuo over sodium hydroxide pellets, Ap 
weighed 1.30 gm.; [a]*® —6.1° in chloroform (c, 3) (see Fig. 1); [aJ?® —24.1° | fro 
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Fig. 1. Specific rotation-temperature relationship of the hydrogenation product ] 

of ox brain phosphatidyl] serine in chloroform. c, 2.6; 1 dm. glass polarimeter tube . 
with central tubulation and jacket for temperature control. The readings were | its 
started at 46°. The values indicated by @ were obtained on lowering the tempera- esti 
ture to 17°, whereas those indicated by O were obtained on raising the temperature pre 
of the same solution from 17-49°. The optical readings were made 30 minutes after res’ 
the chloroform solution had attained constant temperature. aid 
phe 


in benzene (c, 2.8). Authentic L-a-(distearoyl)phosphatidy] L-serine (see 
the preceding paper), [a]*° —5.2° in chloroform (c, 3) and [a]?®> —23.2° in " 
benzene (c, 2.7). 


CyHe:010NP (792.1). Calculated. C 63.68, H 10.43, N 1.77, P 3.91 
Found. 63.68, 10.43, “ 1.72, “ 3.80 
“1.79, 3.81 


Diazometholysis of Reduction Product of Ox Brain Phosphatidyl Serine— 
The diazometholysis of the phosphatide (1.1 gm.) and the isolation and 
purification of the cleavage product were carried out as described for the 
synthetic phosphatidyl serine. The phosphatidic acid dimethyl ester was 
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obtained in a yield of 68.8 per cent (0.7 gm.); m.p. 52.5-53.5°; [a] , +1.9° 
in chloroform (c, 10). Authentic distearoyl L-a-glycerophosphoric acid 
dimethyl ester, m.p. 52-53°; [a], +1.9°. 

The cleavage product of the hydrogenated ox brain phosphatidy] serine, 
in contrast to that of the synthetic phosphatidyl] serine, contained a small 
amount of nitrogenous material which was not adsorbed on silicic acid. 
Approximately half of this material could be removed by crystallization 
from methanol. 


SUMMARY 


A chemical procedure is reported by means of which phosphatidyl ser- 
ines and cephalins can be cleaved at the ester bond linking the phosphatidic 
acid and nitrogenous moieties. This is the first chemical reaction known 
to effect this cleavage without causing a breakdown of the phosphatidic 
acid moiety. The cleavage, which is accomplished with diazomethane, 
proceeds at room temperature and yields optically pure phosphatidic acid 
dimethy] esters. 

The diazometholysis offers a simple and unambiguous method for deter- 
mining the structure and configuration of the glycerophosphoric acid moi- 
ety of phosphatidyl serine and cephalin. The glycerophosphoric acid has 
the a structure and 1 configuration if the phosphatides on diazometholysis 
yield dextrorotatory phosphatidic acid dimethy] esters. 

A series of L-a-phosphatidic acid dimethyl esters was prepared as ref- 
erence compounds. 

Phosphatidy] serine was isolated from ox brain. The diazometholysis of 
its reduction product gave a dextrorotatory phosphatidic acid dimethyl 
ester. The unsaturated phosphatidyl serine of ox brain and its reduction 
product therefore possess the a structure and the t configuration. This 
result confirms by an independent method our earlier assignment of the 
a structure and the L configuration to the phosphatidyl moiety of phos- 
phatidyl serine. 


This work was supported by a grant from the Nutrition Foundation, 
Inc., New York, to which the authors wish to express their sincere thanks. 
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PREPARATION OF S-ALLYL-pLt-HOMOCYSTEINE AND 
RELATED COMPOUNDS AND TESTS OF THEIR 
GROWTH EFFECTS IN RATS 


By CARL M. STEVENS, CARL A. JOHNSON, ann RONALD WATANABE* 


(From the Fulmer Chemical Laboratory, State College of Washington, Pullman, 
Washington) 


(Received for publication, July 23, 1954) 


Since the original report on ethionine (1) by Dyer (1), numerous studies 
have demonstrated the inhibitory properties of this analogue of methionine 
on growth in higher animals and microorganisms (cf. Woolley (2)), and 
even on the propagation of viruses (3, 4) and the reversal of these inhibi- 
tions by methionine. A number of pathological effects of ethionine on 
different organs have also been reported (5-8). With respect to the metab- 
olism of ethionine, evidence has been found for the incorporation of the 
compound into tissue proteins (8, 9), for the biological transfer of the ethy] 
group to form choline and creatine analogues (10, 11), for the metabolic 
conversion of the ethyl group to acetate (10), for the incorporation of the 
sulfur into cysteine (11), and for the transfer of the thioethyl group to form 
5’-ethylthioadenosine (12). 

In view of the results of biochemical studies with ethionine, it seemed of 
interest to prepare and study the hitherto undescribed vinylogue of methio- 
nine, S-allylhomocysteine (II). The possibility existed that the com- 
pound might resemble methionine even more closely than does ethionine 
and prove a more effective antimetabolite. The vinylogue is of further 
interest because of the relative ease of cleavage of allyl sulfides (13) in vitro, 


| 
NH, NH, 
(I) (II) 


and the possibly analogous mechanism in vivo. For comparison, the cor- 
responding saturated analogue, S-n-propyl-pL-homocysteine was also pre- 
pared and studied, together with the sulfoxides of each. 


* This project was supported in part from funds provided for medical and biologi- 
cal research, State of Washington Initiative Measure No. 171. The authors are 
indebted to Mrs. Alva Rice for valuable assistance in the preparation of certain com- 
pounds. 
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Methods and Results 


Homocystine was contributed by The Dow Chemical Company, Mid- 
land, Michigan. pi-Ethionine was obtained from the Krishel] Laboratories, 
Inc., Portland, Oregon. 

S-Allyl-pL-homocysteine——This compound was prepared from pL-methi- 
onine or homocystine by reduction with metallic sodium in liquid am- 
monia, followed by alkylation with allyl bromide (cf. du Vigneaud et 
al. (14)).. To avoid contamination with disulfide in the final product, a 
10 per cent excess of metallic sodium and of allyl bromide was used. The 
residue remaining after evaporation of the liquid ammonia was dissolved in 
cold water, and the solution was extracted with ether and adjusted to pH 
6 with hydroiodic acid. Recrystallization of the precipitate from 80 per 
cent ethanol yielded a product melting with decomposition at 238—240°; 
yield, 60 per cent. 


C;H,;02NS8. Calculated, C 48.00, H 7.43; found, C 48.08, H 7.16 


For characterization, 1 gm. of the compound was converted to the N-ben- 
zoyl derivative by a customary procedure (15). Recrystallization from 50 
per cent ethanol yielded 0.9 gm., m.p. 103-—104°. 


CiygHigO3NS. Calculated. C 60.21, H 6.09, neutralization equivalent 279 
Found. 60.62, “ 5.95, 275 


S-n-Propyl-pt-homocysteine—The method of preparation was essentially 
that of Armstrong and Lewis (16), except that a 10 per cent excess of metal- 
lic sodium and of n-propyl bromide was used to eliminate disulfide con- 
tamination in the final product. The yield of recrystallized product was 
60 to 65 per cent. 


CrH,;O2.NS8. Calculated. C 47.43, H 8.53, N 7.90 
Found. ‘47.71, 8.87, 7.64 


The compound was converted to the N-benzoyl derivative, which was 
recrystallized from dilute ethanol; m.p. 118-119°. 


Calculated. N 4.96, neutralization equivalent 282 
Found. “4.85, 281 


S-Allyl-t-cysteine—The compound was prepared from L-cystine and ally] 
chloride by the metallic sodium-liquid ammonia technique (14). Reerys- 
tallization from 80 per cent ethanol vielded 60 to 65 per cent of pure prod- 
uct, m.p. 221—222° (Stoll and Seebeck (17) report 218-219° for this com- 
pound), 


Calculated, N 8.70; found, N 8.67 


11 


tain 
ture 
a p 
sulf 


mat 


st! 
of 
of 
m 
rec 
Af 
an 
ch] 
(21 
( 
rec 
me 
J 
gm 
226 
recl 
viel 
D 
proy 


n- 


C. M. STEVENS, C. A. JOHNSON, AND R. WATANABE 51 


The N-benzoyl derivative, recrystallized from dilute ethanol, melted at 
113-114°. 


Ci,H,,0,;NS8. Caleulated. N 5.28, neutralization equivalent 265 


Conversion of S-Allyl to S-Benzyl Derivatives-—The ready cleavage of the 
S-allyl group by means of metalic sodium in liquid ammonia was demon- 
strated by the conversion of S-allyl-L-cysteine to S-benzyl-L-cysteine and 
of S-allyl-pL-homocysteine to S-benzyl-pL-homocysteine. To a solution 
of 5 gm. of S-allyl-L-cysteine in liquid ammonia were added small pieces of 
metallic sodium until the blue color persisted for a few minutes (1.5 gm. 
required), followed by dropwise addition of 3.6 ml. of benzyl chloride. 
After evaporation of the ammonia, the residue was dissolved in cold water, 
and the solution extracted with ether and adjusted to pH 6 with hydro- 
chloric acid. Reerystallization from dilute hydrochloric acid yielded 4.6 
gm. (70 per cent) of pure product melting with decomposition at 210—211° 
(213° (14)). 

Conversion of 1 gm. of the compound to the N-benzoyl derivative and 
recrystallization from dilute alcohol yielded 1 gm. (67 per cent) of product 
melting at 118-119°. 


CizHy7O3;NS. Calculated. N 4.44, neutralization equivalent 315 
Found. 4.56, 316 


In a similar experiment, 4.0 gm. of S-allyl-pL-homocysteine yielded 2.9 
gm. (57 per cent yield) of recrystallized S-benzyl-pL-homocysteine, m.p. 
226-227° (226-229° (18)). Conversion to the N-benzoyl derivative and 
recrystallization of the latter from 50 per cent ethanol gave a 58 per cent 
vield of pure product, m.p. 149-150°. 


CisHigOsNS. Caleulated. N 4.26, neutralization equivalent 329 
Found. 4.29, 326 


Preparation of Sulfoxides—In these preparations, the products were ob- 
tained in analytically pure form, but consisted, in all probability, of mix- 
tures of the possible stereoisomeric forms (17). Since the thio ethers gave 
a positive reaction in the Sullivan (19) test for methionine, while the 
sulfoxides did not, the products were easily shown to be free of starting 
materials. 

acid was prepared from S- 
propvl-pL-homocysteine as described by Borek and Waelsch (20) in a vield 
of 70 per cent, m.p. (decomposition) 232—235°. 


C7H,;O;NS. Caleulated, C 43.50, H 7.82; found, C 43.54, H 7.57 
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DL-a-Amino-y-allylsulfinyl-n-butyric acid was prepared from S-allyl- 
DL-homocysteine according to the method for the corresponding cysteine 
derivative (17). The product, recrystallized from aqueous acetone, melted 
with decomposition at 210-212° and was obtained in 80 per cent yield. 


C;H:;0;NS. Calculated, C 43.96, H 6.85; found, C 43.87, H 6.72 


acid was prepared from S-allyl-t- 
cysteine by the procedure of Stoll and Seebeck (17). | 

Feeding Experiments—The effects on growth of rats of the addition of 
equimolar amounts of pL-ethionine, S-allyl-pL-homocysteine, and S-n-pro- 
pyl-pL-homocysteine to a low choline, low methionine diet (‘‘choline-free 
test diet,’’ General Biochemicals, Inc.) were compared. In one experi- 
ment, twenty weanling albino male rats (Sprague-Dawley) were maintained 
in separate cages and fed a stock diet for 4 days. They were then weighed, 
divided into groups of four, and fed the basal diet for 6 days. Various 
supplements were then added, as indicated in Table I. From the results re- 
corded, it can be seen that, whereas pL-ethionine causes inhibition of growth 
and decreased food intake in either the presence or absence of added cho- 
line, the other compounds had no such effect. 

Since no evidence of growth-inhibitory effects of the new methionine 
analogues was obtained, subsequent experiments were designed to test 
whether any of the compounds would support growth in rats on an amino 
acid diet containing no methionine or cystine, but adequate amounts of 
choline, folic acid, and vitamin Bie. The basal diet had the following com- 
position: sucrose 41.7, salt mixture (21) 4.0, agar 2.0, Crisco 26, cod liver 
oil 5, glycine 0.6, pL-alanine 0.5, pL-valine 2.2, L-leucine 2.2, pL-isoleucine 
1.8, pu-phenylalanine 1.5, L-glutamic acid 2.0, pL-aspartic acid 1.0, L-ty- 
rosine 0.8, L-histidine monohydrochloride monohydrate 1.0, L-arginine 
monohydrochloride 0.9, L-lysine monohydrochloride 2.5, pL-tryptophan 0.9, 
pL-threonine 1.4, and sodium bicarbonate 2.0 parts respectively. Water- 
soluble vitamins were administered daily as 1 ml. of a solution containing 
10 mg. of thiamine chloride, 10 mg. of riboflavin, 10 mg. of niacin, 12 mg. 
of pyridoxine hydrochloride, 50 mg. of calcium pantothenate, 12.5 gm. of 
choline chloride, 5 mg. of folic acid, 0.25 mg. of biotin, 0.05 mg. of vitamin 
Bis, and 10 gm. of sucrose per 500 ml. of solution. 

In the first experiment with the amino acid diet, twenty weanling female 
albino rats were maintained in separate cages and fed ad libitum the basal 
diet supplemented with 0.5 per cent of homocystine during the first 4 days. 
(All supplements were added at the expense of an equal weight of sucrose. ) 
The animals were then divided into five groups and fed various supple- 
ments, as indicated in Table IT, for a period of 8 days, followed by a change 
in supplements and an additional 12 day period. Results are given in 
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averages for the four animals in each group, the figures in parentheses repre- 
senting the range of values. 

It is apparent from the data that, whereas 0.5 per cent of homocystine 
causes a marked growth response, neither S-allyl-pL-homocysteine nor 


TaBLe 
Comparison of Growth Effects of pu-Ethionine, S-Allyl-pL-homocysteine, and 
S-n-Propyl-p.-homocysteine on Choline-Free Test Diet 
Each group consisted of four male rats. The weights are averages for the group; 
the figures in parentheses represent the range of values. 


Average - 
Group Initial weight | (Pays. | dally | Average daily weight change Supplements to basal diet 
intake 
gm. gm. gm. per cent 
1 71 (62-82) | 1-6); 14 | +0.6 (40.3, +1.0) | None 
7-18 | 16 | +3.8 (+3.6, +4.0) | 0.42 choline chloride 
19-26 15 +3.2 (+3.0, +4.0) | None 
2 | 69 (61-78) 16 | +1.0 (0.0, +2.0) 
7-18 | 15 | +4.6 (44.2, +4.9) | 0.42 choline chloride + 
0.45 homocystine 
19-26 15 | +38.1 (+3.0, +3.5) 0.45 homocystine 
3. | 67 (58-74) | 1-6); 16 | +1.2 (41.0, +2.0) | None 
7-18 9 | +0.3 (—1.0, +1.3) | 0.42 choline chloride + 
0.55 pL-ethionine 
19-26 6 —1.2 (—0.8, —1.5) | 0.55 pi-ethionine 
4 | 66 (57-74) | 1-6) 16 | +0.5 (0.0, +1.0) None 
7-18 15 +4.0 (43.5, +4.5) | 0.42 choline chloride + 
0.60 S-n-propyl-pL-ho- 
mocysteine 
| 19-26 15 +3.0 (+2.5, +3.5) | 0.60 S-n-propyl-pL-homo- 
| cysteine 
5 | 64 (53-72) 1-6, 16 | +1.4 (—0.8, +2.8) | None 
7-18 | 15 | +4.5 (44.1, +5.0) | 0.42 choline chloride + 
0.60 S-allyl-pL-homo- 
cysteine 
| 19-26 | 15 | +2.8 (+1.0, +3.5) | 0.60 S-allyl-pL-homocys- 
| teine 


S-n-propyl-pL-homocysteine at a level of 1.2 per cent in the diet maintains 
body weight. That the compounds exert no appreciable inhibitory effect 
on growth at the level fed is further indicated by the fact that 0.5 per cent 
of homocystine produces a good growth response when added to a diet 
containing either compound. 

In the final experiment, the growth effects of the corresponding sulfox- 
ides were tested. It had been previously established that a supplement of 
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0.2 per cent of pL-methionine was just sufficient to maintain weight and that 
a good growth response could be obtained by further supplementation with 
either homocystine or L-cystine. This appeared to be an ideal situation for 
detecting a growth response or inhibition from the compounds tested. 


TABLE II 


Results of Growth Experiments with S-Allyl-pi-homocysteine and S-n-Propyl- 
pL-homocysteine on Methionine-Cystine-Deficient Diet 


Kach group consisted of four female rats. 


the figures in parentheses represent the range of values. 


Average 


The weights are averages for the group; 


| Average daily weight change | Supplement to basal diet 
| intake 
| gm. gm. gm. per cent 
1 46 (44449) 1-4, 2.9 | (40.5, +1.2) | 0.5 homocystine 
| 5-12 | 2.7 | —0.9 (—0.7, —1.2) | None 
| 13-24, 5.38.) +2.5 (42.5, +2.6) 0.5 homocystine 
2 | 44 (36-49) | 1-4); 3.8 | +1.6 (41.2, +1.8) | 0.5 
5-12, 4.2 40.3 (0.0, +0.5) 0.25 
13-24 | 4.7 | +0.9 (+0.6, +1.1) | 0.25 ei 
3 | 44 (39-48) | 1-4] 3.2 | 41.3 (40.2, +2.0) | 0.5 6 
5-12, 5.2 | +1.4 (41.1, +2.0) | 0.5 - 
| 13-24 3.3 —0.9 (—0.8, —1.1) | None 
45 4 41.1 (40.5, 41.5) 0.5 homocystine 
| 5-12 2.8 —1.0 (—0.6, —1.4) | 1.2 S-n-propyl-p1-homo- 
| | cysteine 
13-24. 4.7) +1.8 (41.7, +2.0) 1.2 S-n-propyl-pL-homo- 
| cysteine + 0.5 homo- 
cystine 
5 47 (39-54) 1-4, 3.3 +0.8 (0.0, +2.0) 0.5 homocystine 
5-12 | 2.9 —0.9 (—0.7, —1.4) 1.2 S-allyl-pL-homocys- 
| |  teine 
| 13-24 | 5.0 | +1.8 (+1.7, +1.9) | 1.2 S-allvl-p_-homocys- 
| | | teine + 0.5 homocys- 
| tine 


Kighteen rats were maintained in separate cages and fed ad libitum the 


basal diet plus 0.2 per cent of pL-methionine for a period of 6 days. 


At 


the end of this period, they were divided into groups, each containing two 
males and two females, and fed various supplements as indicated in Table 
III for an additional 8 days. The two remaining rats received a supple- 
ment of pL-cystine to serve as positive controls. From the data, it can be 
concluded that at the levels fed none of the three sulfoxides has an appreci- 
able effect on growth. Since there was nosignificant loss in weight on any 
of the supplements, and since addition to the various diets at the end of 
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S-n-Propyl-pu-homocysteine, 
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Results of Growth Experiments with Sulfoxides of S-Allyl-pu-homocysteine, 


and S-Allyl-u-cysteine on 


| Bren Supplement to basal diet* 
gm. per cent 
None 
+0.2 
—0.2 
+0.2 
+0).2 
+0.6 
—0.2 
+0.2 
—0.3 | None 
—0.2 | 0.6 S-n-propyl-pL-homocysteine sulfoxide 
—0.2 | None 
+0.2 | 0.6 S-n-propyl-pL-homocysteine sulfoxide 
—0.3 | None 
+0.5 | 0.6 S-n-propyvl-pL-homocysteine sulfoxide 
—0.5 | None 
+0.4 | 0.6 S-n-propyl-pL-homocysteine sulfoxide 
—0.2 | None 
+0.7 | 0.6 S-allyl-pL-homocysteine sulfoxide 
0.0 | None 
+0.1 | 0.6 S-allyl-pi-homocysteine sulfoxide 
—0.2 | None 
+0.2 | 0.6 S-allvl-pL-homocysteine sulfoxide 
+0.2 | None 
+0.4 | 0.6 S-allvl-pL-homocysteine sulfoxide 
—0.5 | None 
—0.1 | 0.6 S-allvl-L-evsteine sulfoxide 
0.0 | None 
+0.4 | 0.6 S-allvl-L-evsteine sulfoxide 
—0.7 | None 
0.0 | 0.6 S-allyl-L-evsteine sulfoxide 
—0.3 | None 
+0.2 | 0.6 S-allvl-L-evsteine sulfoxide 
—0.3 | None 
+2.5 | 0.25 L-cystine 
0.0 | None 
+3.1 0.25 L-cystine 


* All animals received a supplement of 0.2 per cent pL-methionine throughout the 
experiment. 
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the experiment of 0.25 per cent of L-cystine produced large and immedi- 
ate growth responses, it can be concluded that none of the compounds is 
growth-inhibitory under the conditions of the experiments. 


DISCUSSION 


In view of the evidence from previous investigations of the diverse bio- 
logical effects and metabolic transformations of ethionine, it is of some in- 
terest that the closely related compounds, S-allyl-pL-homocysteine 7nd 
S-n-propyl-pL-homocysteine, studied in these experiments had no effect on 
the growth of rats. Since there is evidence that the sulfoxide of S-allyl- 
L-cysteine is utilized for growth in Leuconostoc mesenteroides (22) and Es- 
cherichia coli (23), the inertness of this compound and the other sulfoxides 
in growth experiments in rats is also of interest. It is clear that none of 
the compounds fed is converted to the corresponding thiolamino acid at a 
rate sufficient to produce a significant growth response. 

Studies of the effects of these compounds on a variety of microorganisms 
would be of interest. 


SUMMARY 


The vinylogue of methionine, S-allyl-pL-homocysteine, has been pre- 
pared and characterized and converted to the corresponding sulfoxide. 

The effect of these two compounds and of the corresponding saturated 
homologues, S-n-propyl-pL-homocysteine and its sulfoxide, on the growth 
of rats on an amino acid diet deficient in cystine and methionine but ade- 
quate in choline was tested. None of the compounds supported growth 
alone or inhibited the growth response from added L-cystine or homocys- 
tine. 

Unlike pt-ethionine, neither S-allyl-pL-homocysteine nor S-n-propyl- 
pL-homocysteine caused inhibition of the growth of rats on a low choline, 
low methionine diet. 

Contrary to previous results with certain microorganisms, the sulfoxide 
of S-allyl-L-cysteine did not support growth of rats on a cystine-deficient 
diet. 
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A RAPID, SIMPLE METHOD FOR THE DETERMINATION 
OF REDUCED, DEHYDRO-, AND TOTAL ASCORBIC 
ACID IN BIOLOGICAL MATERIAL* 


By ROSCOE R. SCHAFFERT anp GEORGE R. KINGSLEY 


(From the Clinical Biochemistry Laboratory, Veterans Administration Center, and the 
Department of Physiological Chemistry, School of Medicine, University of 
California, Los Angeles, California) 


(Received for publication, June 16, 1954) 


Chemical methods for the determination of reduced ascorbic acid (l- 
ascorbic acid) are-based upon its reducing properties. The indophenol 
method of Bessey (1, 2) and the perinaphthindantrione hydrate method of 
Moubasher (3) are examples of these methods. Modifications to increase 
the specificity of the indophenol method have been presented by Robinson 
and Stotz (4), Lowry, Lopez, and Bessey (5), and Huelin (6). However, 
all of these procedures require tedious photometric measurements in 5 and 
10 second intervals to determine the rate of reduction of indophenol by I- 
ascorbic acid. El Ridi, Moubasher, and Hassan (7) demonstrated that 
perinaphthindantrione reacts with l-ascorbie acid to form a specific, stable 
reddish color. Total ascorbic acid (reduced ascorbic acid plus dehydro- 
ascorbic acid) is not measured by this reaction, and its maximal light absorp- 
tion is in the ultraviolet region of the spectrum. Roe and Kuether (8) 
used the coupling reaction of dehydroascorbic acid with 2 ,4-dinitropheny!l- 
hydrazine for the determination of total ascorbic acid in body fluids. Di- 
ketogulonic acid, a biologically inactive oxidation product of l-ascorbic 
acid, reacts in the same manner with 2,4-dinitrophenylhydrazine as does 
dehydroascorbic acid. This method also requires a 3 hour incubation 
period for completion of the coupling reaction. oe et al. (9) have modified 
this procedure to determine l-ascorbic acid, dehydroascorbie acid, and di- 
ketogulonie acid in tissue extracts by laborious chemical procedures and a 
6 hour incubation which are not suitable for routine analyses. The de- 
termination of ‘‘free’’ and “bound” ascorbic acid in liver tissue has been re- 
ported by Sumerwell and Sealock (10). Geschwind, Williams, and Li (11) 
obtained good recoveries of l-ascorbic acid added to adrenal glands, using 
higher temperatures of incubation with 2,4-dinitrophenylhydrazine, but 
charring of the samples increased as the temperature approached 100°. 

An investigation of the total ascorbic acid method of Roe and Iuether 
was undertaken to shorten the 3 hour incubation period and to improve 


* Project, Medical No. 215, 6516th Research and Development United States Army 
Reserve Training Unit. Released for publication, July '7, 1951. 
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the specificity of the measurement of /-ascorbic acid in the presence of di- 


ketogulonic acid. A 
W 
Method for Total Ascorbic Acid 
Reagents— ac 
Stock ascorbic acid standard. Accurately weigh exactly 100 mg. of /- Dy 
ascorbic acid (Eastman) and place in a 100 ml. volumetric flask. Dilute ut 
to volume with 4 per cent trichloroacetic acid solution. 
Working ascorbic acid standard. Dilute 2 ml. of stock standard to 100 
ml. with 4 per cent trichloroacetic acid. 1 ml. = 20 y of l-ascorbic acid. 
Trichloroacetic acid. 4 per cent solution; 6 per cent solution. Use re- th 
agent grade. in 
2,4-Dinitrophenylhydrazine. 2 gm. of 2,4-dinitrophenylhydrazine or 
(Eastman) are dissolved in 100 ml. of 9 N sulfuric acid. Let stand over- slo 
night and filter through Whatman No. 42 filter paper. Le 
85 per cent sulfuric acid. To 100ml. of water add 900 ml. of concentrated pa 
sulfuric acid. Use reagent grade. nit 
Thiourea. Dissolve 10 gm. of thiourea (Eastman) in 50 ml. of absolute Set 


ethyl alcohol and dilute to 100 ml. with distilled water. This reagent 


should keep 2 months. 
Norit. Use U.S. P. grade. If blanks read too high, add 1 liter of 10 


per cent hydrochloric acid to 200 gm. of Norit in a large flask, bring to a 10 
boil, and filter with suction. Stir the cake with 1 liter of water and again 
filter. Dry the cake in an oven overnight at 100—120°. D 
Oxalic acid. 0.5 per cent solution. Use reagent grade. a. 
Standardization. Shake vigorously 25 ml. of working standard l-ascor- ’ 
bie acid with 3 teaspoon of Norit for 1 minute. Filter through Whatman 
No. 42 filter paper. Add 0.0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 ml. of 7 
filtrate to photometric cuvettes and dilute each tol 4 ml. with 4 per cent the 
trichloroacetic acid which has also been shaken with Norit and filtered. bic 
Add 1 drop of thiourea and 1 ml. of 2,4-dinitrophéenylhydrazine solution. sco 
Mix and place tube in a boiling water bath for exactly 10 minutes. Con- per 
tinue as in “Development of color.’’ is fe 
me} 
Procedure and 
Preparation of Filtrate col 
Whole Blood and Serum—To 15 ml. of 6 per cent trichloroacetic acid in a but 
50 ml. Erlenmeyer flask, add 5 ml. of whole blood or serum drop by drop, and 
thic 
mixing continuously. Let stand for 5 minutes and centrifuge for 10 min- fis 


utes at 2500 r.p.m. Pour off the filtrate into a clean, dry test-tube, add 3 
teaspoon of Norit, and shake vigorously for 1 minute. Filter through 7 
Whatman No. 42 filter paper. and 
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Urine—Add 1 ml. of urine to 19 ml. of 4 per cent trichloroacetic acid. 
Add 3 teaspoon of Norit and shake vigorously for 1 minute. Filter through 
Whatman No. 42 filter paper. 

Vegetables and Frwit—Mix 2 gm. of food with 98 ml. of 0.5 per cent oxalic 
acid in a Waring blendor for 5 to 10 minutes. To 20 ml. of solution in an 
Erlenmeyer flask add 3 teaspoon of Norit and shake vigorously for 1 min- 
ute. Filter through Whatman No. 42 filter paper. 


Development of Color 


To 4 ml. of filtrate in a photometric cuvette, add | drop of 10 per cent 
thiourea and 1 ml. of 2,4-dinitrophenylhydrazine solution. Place the tube 
in a boiling water bath exactly 5 minutes for blood and 10 minutes for urine 
or food. At the end of this time, place the tube in crushed ice. Add 
slowly drop by drop 5 ml. of 85 per cent sulfuric acid, and mix by twirling. 
Let stand for 10 minutes. Read in the photometer against a blank (pre- 
pared in exactly the same manner, except for the omission of the 2 ,4-di- 
nitrophenylhydrazine until after the addition of 85 per cent sulfuric acid), 
Set the blank at 100 per cent light transmission with 515 my wave-length, 


Calculation 


General Formula—The concentration in mg. of total ascorbic acid per 
100 ml. = A (2 minus log per cent 7).! 


EXPERIMENTAL 


Determination of Optimal Proportion of Reagents for Development of Maxima 
Color and Color Stability in Coupling Reaction of Dehydroascorbic Acid 
with 2,4-Dinitrophenylhydrazine 


The method of Roe et al. (8, 12) is the most widely used procedure for 
the determination of total ascorbic acid (l-ascorbic acid plus dehydroascor- 
bic acid). In this method, l-ascorbie acid is first oxidized to dehydroa- 
scorbic acid by the addition of Norit to the filtrate. A 3 hour incubation 
period at 37° with 2,4-dinitrophenylhydrazine in the presence of thiourea 
is followed by final color development with 85 per cent sulfuric acid. Bolo- 
mey and Kemmerer (13, 14) have omitted thiourea in the incubation period 
and have substituted glacial acetic acid in place of sulfuric acid in the final 
color development. This gives clearer samples to read in the colorimeter, 
but has the disadvantage of only half the sensitivity of sulfuric acid. Mills 
and Roe (15) have proved the necessity of using a reducing substance like 
thiourea in the incubation period to prevent oxidants like Fet++ and H.O, 
from interfering in the final color development. 85 per cent sulfuric acid 


'K = 6.0 for whole blood or serum; A = 30.0 for urine; K = 75.0 for vegetables 
and fruit (Coleman spectrophotometers, models 6 and 14, with No. 6-304B cuvettes). 
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tends first to dissolve interfering substances like glucose, fructose, and arabi- 
nose and then causes the color produced by them to fade until little or no 
interference occurs at the wave-length used. Glacial acetic acid does not 
have this effect. Lowry, Lopez, and Bessey (5) employed 65 per cent sul- 
furic acid to do away with excess heat in the final color development. 
However, when this reagent was used, the color produced by different con- 
centrations of l-ascorbie acid was not linear. 

The effect of all possible variations in concentrations of all reagents was 
tested on materials of both animal and plant origin. The presence of ex- 
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Fic. 1. Spectral transmittance of the coupling reaction between 40 y of l-ascorbic 
acid in 4.0 ml. of 4 per cent trichloroacetic acid solution and 1.0 ml. of 2 per cent 
2,4-dinitrophenylhydrazine. 


cess thiourea was found to be essential in the procedure of the modified 
method. Trichloroacetic acid in the concentration used was found to be 
the best precipitating agent for blood proteins and for dilution of urine, 
and it also stabilizes the l-ascorbic acid and reduces the pH of the extract- 
ing media. Maximal color development was obtained with 85 per cent 
sulfuric acid with maximal light absorption at 515 my (Fig. 1). 

Various acids were used for the extraction of l-ascorbiec acid in vegetables 
and fruits, such as acetic, trichloroacetic, metaphosphoric, and oxalic. 
Ponting (16) suggested the use of 0.4 per cent oxalic acid or 1.0 per cent 
metaphosphoric acid to stabilize l-ascorbic acid in food extracts. Gold- 
blith and Harris (17) found that 0.5 per cent oxalic acid in a 7:1 ratio to 
the sample in food extracts prevented oxidation beyond diketogulonic acid 
during storage for at least 14 days at room temperature and the l-ascorbic 
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acid content remained constant. The /-ascorbie acid value increased and 
the ratio of dehydroascorbie acid to total ascorbic acid decreased when the 
ratio of oxalic acid or phosphoric acid was increased. 
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Fig. 2. effect of temperature on the stability and rate of the coupling reaction 

between 40 y of /-ascorbie acid in 4.0 ml. of 4 per cent trichloroacetic acid solution and 
1.0 ml. of 2 per cent 2,4-dinitrophenylhydrazine. 
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Fig. 3. Relation between ascorbic acid concentration and per cent transmittance. 
The curve represents standardization of /-ascorbic acid (5 to 60 y) in 4.0 ml. of 4 per 
cent trichloroacetic acid solution when 1.0 ml. of 2 per cent 2,4-dinitrophenylhydra- 


zine is added. 


It has been found by the authors that food specimens of 1:50 dilution 
with 0.5 per cent oxalic acid produced the best results, as the color obtained 
with less dilute specimens was not linear. As shown by Harris and Olliver 
(18) only biologically active l-ascorbie acid in food is measured by the in- 
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dophenol technique. With the modified method it is possible to measure 
total ascorbic acid as well as l-ascorbie acid to get an indication of what the 
original ascorbic acid content of foods might have been when they were 
fresh. Fresh vegetables have 95 per cent ascorbic acid in the reduced 
form, and no attempt was made to partition the reduced and dehydro 


forms. 


Effect of Temperature, Time, and l-A scorbic Acid Concentration upon 
Stability and Intensity of Color Development 


The color developed by l-ascorbic acid in the 2 ,4-dinitrophenylhydrazine 
coupling reaction in the modified method reached the same maximal in- 
tensity regardless of the temperature (Fig. 2). At 37° the color reached 
maximal development in 180 minutes. At 56° and 80° the maximal color 
was reached in 60 and 30 minutes respectively. At 100°, 10 minutes were 
required for complete color development of the coupling reaction. The 
color in all cases after addition of 85 per cent sulfuric acid is stable for 
several hours. 

The per cent transmittance at 515 my produced by different concentra- 
tions of l-ascorbic acid plotted on a semilog scale (Fig. 3) was a straight line 
function from 0 to 60 y of l-ascorbic acid. 

When whole blood or serum was used, it became apparent that the maxi- 
mal color development was obtained at 5 minutes instead of 10 minutes, 
as in urine and food determinations. Longer incubation caused turbidity 
in both unknown and blank. It appeared at first that some of the reduc- 
tones and reductic acids were interfering in the reaction to give excess 
color, but, upon addition of 5.0 to 40.0 y of l-ascorbic acid to pooled blood 
and serum before filtering with Norit, maximal color intensity was also ob- 
tained with the added l-ascorbic acid in 5 minutes (Table I). In view of 
this fact, a catalytic reaction in the more concentrated filtrates of blood and 
serum must take place at 100° to drive the coupling reaction to completion 
in half the time required for pure standards or more diluted urine and food 
filtrates. 


Determination of Accuracy of Method by Recovery Experiments 


5.0 to 40.0 y of l-ascorbic acid were added to fresh samples of pooled 
blood and urine. Filtrates were shaken with Norit for 1 minute and the 
per cent recoveries determined by comparison with the total ascorbic acid 
originally present in the material. The recoveries (Table I) are all within 
5 per cent of the expected 100 per cent recovery. 


Determination of Normal Range of Total and Reduced Ascorbic Acid 


Determinations of total and reduced ascorbic acid were carried out on 
twenty-four fasting normal adults (Table II) and total ascorbic acid on 
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various fresh fruits and vegetables (Table III). The total ascorbic acid 
content of whole blood of both sexes was found to be within the range of 
1.2 to 2.3 mg. per 100 ml. of blood and of serum between 0.5 and 1.4 mg. 
per 100 ml. of serum. The urine content varied from 20 to 60 mg. of total 


TABLE I 


Recovery of l-Ascorbic Acid Added to 5 Ml. Samples of Pooled Whole Blood, Serum, 
and 1:90 of Urine 


Sample No. Original total Added Recovered, Per cent recovery 
Whole blood | | 
| 12.5 | 5 4.9 98 
2 12.5 | 10 | 10.0 | 100 
3 12.5 | 20 | 20.0 | 100 
4 12.5 | 30 | 28.5 | 95 
5 12.5 | 40 | 38 .0 | 95 
| 
Average.... .| | | | J7.6 
Serum | | | 
| 8.2 | 5 5.0 100 
2 | 8.2 10 10.0 100 
3 | 8.2 20 19.0 95 
4 | 8.2 | 30 30.5 102 
5 | 8.2 40 | 39.0 97 
Average... .. | | 98.8 
Urine | | | 
| 9.6 | 5 5.0 | 100 
2 9.6 | 10 10.0 | 100 
3 9.6 20 19.0 95 
4 9.6 30 30.5 102 
5 9.6 40 39.0 97 
Average... | 98.8 


- 


ascorbic acid per 24 hours. Reduced ascorbic acid content of whole blood 
was within the range of 0.2 to 1.0 mg. per 100 ml. of blood and of serum be- 
tween 0.2 and 0.6 mg. per 100 ml. of serum. 

Sargent (19) has shown that the total ascorbic acid values of plasma fall 
very rapidly when a deficient diet is consumed, although tissue stores, in- 
cluding those of blood cells, have not yet become depleted. Because of 
this, the total ascorbic acid content of leucocytes or whole blood is a better 
index of the state of ascorbic acid nutrition of the tissues than is the blood 
plasma level. 
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TaBLE II 
Total and Reduced Ascorbic Acid Content of Fasting Normal Adults 
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TaBLE III 
Total Ascorbic Acid Content of Fresh Fruits and Vegetables 


0. 


1°50 dilution with 0.5 per cent oxalic acid. 


Cabbage 


Bean, green 
Mustard greens 


ACID 


Total | Reduced 
57.2 12.0 
46.4 13.2 
36.3 3.3 
23.8 2.3 
51.0 3.0 
56.7 2.3 
36.5 10.7 
56.0 6.0 
21.2 2.0 
22.6 2.0 
27.6 4.8 
54.0 12.5 
32.0 

40.2 

45.0 

28 .2 

35.0 

25.5 

55.6 

22.3 

20.5 

50.0 

26.7 


Mg. per 100 gm. 


Urine, mg. per 24 hrs. 
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Comparison of Modified Method with Method of Roe and Kuether (8) for 
Determination of Total Ascorbic Acid 


The procedure as directed under ‘‘Method for total ascorbic acid’? was 
compared with that of Roe and Kuether. Table IV shows comparisons of 
determinations on whole blood and serum of fasting hospital patients. No 
significant interference from glucose up to 250 mg. per cent or urea up to 
200 mg. per cent on total or reduced ascorbic acid was obtained. 


Tasie 
Comparison of Incubation for 5 Minutes at 100° with Roe and Kuether Method on Whole 
Blood and Serum of Fasting Hospital Patients for Determination of Total Ascorbic 


Acid 
Sample No. | Incubation at 100° | Roe and Kuether (8) 
mg. per 100 ml. | mg. per 100 ml. 
Whole blood l ‘3 | 1.2 
2 1.0 1.0 
3 1.5 1.4 
4 1.8 1.8 
5 2.0 2.1 
Serum | 0.7 0.6 
2 0.6 0.5 
3 1.2 1.0 
4 0.9 0.8 
5 1.3 1.1 
DISCUSSION 


Total ascorbic acid consists of reduced ascorbic acid plus dehydroascor- 
bie acid. This may be partitioned into l-ascorbic acid and dehydroascor- 
bie acid by running two parallel determinations in one of which the Norit 
treatment is omitted. Only dehydroascorbie acid is measured when Norit 
is omitted. The ascorbic acid content is obtained by difference between 
total ascorbic acid and dehydroascorbic acid. Penney and Zilva (20-22) 
have shown that /-ascorbie acid is first oxidized to dehydroascorbic acid, 
which in turn mutarotates to 2,3-diketogulonie acid in the presence of in- 
creased temperatures and lowered pH. This compound then couples with 
2 ,4-dinitrophenylhydrazine to form an orange-red precipitate which is solu- 
ble in strong acids. At temperatures between 25—50°, 2 ,3-diketogulonic 
acid develops more color with 2,4-dinitrophenylhydrazine than does an 
equivalent amount of dehydroascorbie acid. However, as the temperature 
goes to 75° or above, the increased reaction rate of dehydroascorbic acid is 
greater than that of 2,3-diketogulonic acid. At 100°, in the modified pro- 
cedure there is no significant interference of 2,3-diketogulonic acid upon 
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the coupling reaction of dehydroascorbic acid with 2 ,4-dinitrophenylhydra- 
zine. 


SUMMARY 


1. A rapid, simple, and accurate method for the determination of re- 
duced, dehydro-, and total ascorbic acid in materials of animal and plant 
origin has been presented in which the incubation time for color develop- 
ment has been reduced to 5 to 10 minutes and a stable color for photometric 
measurement is obtained. 

2. The accuracy of the method has been confirmed by recovery experi- 
ments and by comparison with the method of Roe and Kuether. 

3. The total ascorbic acid content in whole blood of twenty-four normal 
adults ranged from 1.2 to 2.3 mg. per 100 ml. and in serum from 0.5 to 1.4 
mg. per 100 ml. Reduced ascorbic acid in whole blood of twelve normal 
adults ranged from 0.2 to 1.0 mg. per 100 ml. and in serum from 0.2 to 0.6 
mg. per 100 ml. 


BIBLIOGRAPHY 


1. Bessey, O. A., J. Biol. Chem., 126, 771 (1938). 
2. Bessey, O. A., J. Assn. Official Agr. Chem., 27, 537 (1944). 
3. Moubasher, R., J. Brol. Chem., 176, 529 (1948). 
4. Robinson, W. B., and Stotz, F., J. Biol. Chem., 160, 217 (1945). 
5. Lowry, O. H., Lopez, J. A., and Bessey, O. A., J. Biol. Chem., 160, 609 (1945). 
6. Huelin, F. k., Australian Chem. Inst. J. and Proc., 14, 498 (1947). 
7. El Ridi, M. S., Moubasher, R., and Hassan, Z., Scvence, 112, 751 (1950). 
8. Roe, J. H., and Kuether, C. A., J. Biol. Chem., 147, 399 (1943). 
9. Roe, J. H., Mills, M. B., Oesterling, M. J., and Damron, C. M., J. Biol. Chem.., 
174, 201 (1948). 
10. Sumerwell, W. N., and Sealock, R. R., J. Biol. Chem., 196, 753 (1952). 
11. Gesehwind, I. I., Williams, B.S., and Li, C. H., Acta endocrinol., 8, 247 (1951). 
12. Roe, J. H., and Oesterling, M. J., J. Biol. Chem., 152, 511 (1944). 
13. Bolomey, R. A., and Kemmerer, A. R., J. Biol. Chem., 165, 377 (1946). 
14. Bolomey, R. A., and Kemmerer, A. R., J. Biol. Chem., 167, 781 (1947). 
15. Mills, M. B., and Roe, J. H., J. Biol. Chem., 170, 159 (1947). 
16. Ponting, J. D., Ind. and Eng. Chem., Anal. Ed., 15, 389 (1943). 
17. Goldblith, S. A., and Harris, R. 8., Anal. Chem., 20, 649 (1948). 
18. Harris, L. J., and Olliver, M., Biochem. J., 36, 155 (1942). 
19. Sargent, F., 2nd, J. Brol. Chem., 171, 471 (1947). 
20. Penney, J. R., and Zilva, 8. 8., Biochem. J., 37, 39 (1943). 
21. Penney, J. R., and Zilva, 8. 8., Biochem. J., 37, 403 (1943). 
22. Penney, J. R., and Zilva, 8. 8., Biochem. J., 39, 392 (1945). 


5 
| d 
| 
O 
b 
t 
is 
fr 
he 
al 
T 
er 
la 
tic 
gl: 
p 
pn 
dis 
ob 
et 
Ww 


| 
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HYDROLYTIC PRODUCTS OF TRIGLYCERIDE 
DIGESTION IN MAN 
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(From the Hospital of The Rockefeller Institute for Medical Research, 
New York, New York) 
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Recent reports from various laboratories (1—9) indicate that the hydroly- 
sis of triglycerides in the intestinal lumen proceeds from triglyceride — 1 ,2- 
diglyceride — 2-monoglyceride and 1-monoglyceride, with liberation of 1 
mole of fatty acid at each step. While much of the evidence in favor of 
this hypothesis has been gained through the use of analytical procedures 
of high order of specificity, in only two studies have the lower glycerides 
been isolated and conclusively identified. Mattson et al. (5) isolated and 
characterized monoglycerides from the intestinal contents of rats after 
test meals of fat. Kuhrt et al. (10) fed mixed natural foods to two human 
subjects; from intestinal contents aspirated at the ligament of Treitz, they 
isolated monoglycerides in high yield and proved the identity of this 
fraction conclusively. The pertinent information on fat digestion has 
been reviewed recently by Bergstrém and Borgstrém (11). 

The present report describes the use of an improved intubation technique 
for sampling the contents of the human gut under physiological conditions 
and demonstrates the application of counter-current distribution to the 
extraction and isolation of the lipides contained in the aspirated samples. 
Two subjects have been fed balanced test meals containing defined triglye- 
erides, and the various hydrolytic products of fat digestion have been iso- 
lated. Diglycerides as components of intestinal contents during fat diges- 
tion have been conclusively identified for the first time in man. 


Materials and Methods 


Extraction and Separation—-‘Solvents were reagent grade, redistilled in 
glass. Preparative distributions were carried out in | liter flasks with 
phase volumes of 400 ml. Further separations were accomplished in a 
Craig all-glass, fully automatic, 200 cell distribution train with 10 ml. 
phase volumes (12). Solutes were recovered by low temperature vacuum 
distillation (13). The anion exchange resin, Amberlite IRA-400, was 
obtained in the basic form and was discharged with 20 per cent HCl in 
ethanol; it was extracted with ethanol-ether (1:1) until free of residue 
which would partition itself into the upper phase of System A (Table I); 
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it was recharged with half saturated aqueous NaOH and washed until the 
wash water was neutral. 

Analyses—Gravimetric analyses were carried out as described by Craig 
et al. (14), with a semimicro balance accurate to +0.01 mg. Fatty acids 
were weighed with the precautions previously described (15). Total 
cholesterol was determined by the method of Abell e¢ al. (16) and lipide 
phosphorus by a modification of Stewart and Hendry’s method (17). 
Pettenkofer tests were performed as described previously (18). Saponifica- 
tion equivalents were determined on weighed samples of approximately 
10 mg., by saponifying with 0.1 N KOH for 16 hours at 80° in closed vessels 
and back-titrating samples and blanks with standard 0.1 nN HCl. Infra-red 
spectra of specimens dried out of petroleum ether (30—-60°) on NaCl plates 
or in 1 per cent CSe solutions were recorded with a Perkin-Elmer double 
beam recording spectrophotometer. 

Glyceride glycerol determinations were carried out by a modification of 
the method of Lambert and Neish (19) in which glycerol is oxidized in an 
acid medium at 20° for 5 minutes with periodic acid; the formaldehyde 
produced is measured by the method of MacFadyen (20). In order to 
free the glycerol for analysis a preliminary saponification step was per- 
formed in 9 volumes of ethanol with 1 volume of freshly prepared 0.7 Nn 
alcoholic KOH at 57° for 30 minutes. When carried out in 100 ml. volu- 
metric flasks with the reagent quantities specified by Lambert and Neish, 
the limits of the method are 2 to 8 mg. of triglyceride, 1 to 4 mg. of diglyc- 
eride, and 0.6 to 2.4 mg. of monoglyceride, assuming an average fatty 
acid chain length of 18 carbons. These limits can be reduced four times 
without loss of accuracy by 4-fold reduction of the volumes of all reactants. 
Solvent blanks and a standard glycerol solution were included with each 
series of determinations. The glycerol standard was prepared from rea- 
gent grade glycerol, the concentration of which was determined by its 
specific gravity from the tables of Bosart and Snoddy (21) and checked 
by dichromate oxidation (22). Authentic samples of mono-, di-, and 
tripalmitin were shown to yield theoretical amounts of glycerol, +2.5 per 
cent. 

Reference Materials—Highly purified samples of 1l-monopalmitin, 2- 
monopalmitin, 1,3-dipalmitin, 1 ,2-dipalmitin, and tripalmitin (all syn- 
thetic) and the infra-red spectra of these materials and of authentic sam- 
ples of mono-, di-, and triolein were kindly furnished by Dr. Willy Lange, 
The Procter and Gamble Company. From the same source a generous 
supply of synthetic triglyceride, primarily triolein, was procured for in- 
corporation in test meals. Analysis of this fat by Dr. Lange showed an 
iodine value of 84.2, saponification equivalent of 291, and the following 
fatty acid composition: oleic 85.6, linoleic 3.0, linolenic 0.41, arachidonic 
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0.04, saturated 6.5, trans acids 11.8 per cent. It contained no free fatty 
acids or non-saponifiable material. Corn oil (Mazola, Corn Products 
Refining Company), used in other feeding tests, was stated by the manu- 
facturer (courtesy of Dr. A. R. Baldwin) to contain 1.9 per cent non- 
saponifiables and 98.1 per cent glycerides, with fatty acids as follows: 
linoleic 56.2, oleic 30.1, palmitic 9.9, stearic 2.9, and others 0.9 per cent. 
Its iodine value was 125 and the saponification equivalent 293. 

Intubation and Aspiration—-lwo male subjects, aged 27 and 43 years, 
who presented no clinical or radiologic evidences of gastrointestinal abnor- 
malities, were intubated for periods of 24 and 6 days, respectively, during 
which time they had no discomfort or gastrointestinal symptoms and 
slept well. Throughout the study period they were fed a balanced main- 
tenance diet (protein 15, plant fat 40, and carbohydrate 45 per cent of 
calories). 

An intubation technique was designed which minimized disturbances in 
intestinal function during hydrolysis and aspiration of gut contents. 
Plastic tubing (Pharmaseal K-30, 2.1 mm. outer diameter) was passed 
into the stomach through the nose by the Cantor technique (23) and was 
permitted to progress freely until it appeared at the anus. As further 
tubing progressed through the anus, it was cut off to a length convenient 
for taping over the sacrum. Solid foods aided in the transintestinal prog- 
ress of the tube. The tube was then occluded by silk sutures, and three 
or four small aspiration holes were made proximal to the occlusion. As 
this portion of the tube approached the desired point of aspiration, oral 
feedings were changed from solids to a diet in which all nourishment was 
derived from a liquid formula. The advantages of complete formula 
feeding in metabolic studies are discussed elsewhere (24). The calories 
and composition remained unchanged in amount; fat was furnished by 
corn oil, protein by a salt- and fat-poor milk protein product (Lesofac, 
Wyeth), and carbohydrate by dextrose. Total salt intake was brought up 
to 6 and 4 gm. per day in the two patients by addition to the formula. The 
total daily intake of formula in each case was 2250 ml., divided into three 
portions fed 4 hours apart during the day, and water was permitted by 
mouth ad libitum. The subjects were conditioned to complete formula 
feeding for 16 and 2 days, respectively, prior to the test. 

When the holes in the tube had reached the desired level in the intestinal 
tract, the test meal was fed by mouth, 50 ml. every 5 minutes for 55 and 
70 minutes, respectively. The intestinal contents were aspirated by 
suction (Gomco thermotic drainage pump, 10 cm. of mercury pressure) 
for 4 hours. In one case the test meal was the same as the formula fed 
during the conditioning period, while in the other case synthetic triolein 
was substituted isocalorically for corn oil in the test meal and also in the 
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preceding feeding. Specimens were aspirated into 1 liter Tygon bottles 
packed in dry ice and thus were frozen within a few seconds of leaving the 
gut lumen. The specimens were stored at —20° until analyzed. The 
position of the tube in the intestine was checked by x-ray examination 
after completion of aspiration. 


Results 


Extraction of Lipides from Intestinal Contents—A two phase solvent 
extraction system was sought which would leave water-solubie non-lipide 
materials of an intestinal sample in the lower aqueous phase while ex- 
tracting lipides quantitatively into the upper organic phase. A system 
composed of water, ethanol, ether, and heptane was found satisfactory for 
this purpose (System A, Table I). The sample of intestinal contents, 
acidified with hydrochloric acid to pH 3.5, was mixed successively with 
equal volumes of ethanol, of ether, and of heptane. This mixture, which 
settled into two phases of equal volume after equilibration, was treated as 
the first cell in a five cell distribution train. The lower phases in the 
other four cells were derived from a large batch of System A, previously 
equilibrated. 8 successive volumes of the upper phase of this system were 
carried stepwise across the five lower phases and were pooled. Milk 
protein, intestinal juice protein, glucose, and dextrose remained in the 
lower phases in the first two cells, while monopalmitin added to intestinal 
juice was quantitatively recovered in the pooled upper phases. Table I 
indicates the partition ratios in System A of some of the substances which 
might be anticipated in intestinal juice. It is apparent that the long 
chain fatty acids, glycerides, sterols, and sterol esters would be completely 
extracted from non-lipide materials in the lower phases. Only the most 
non-polar unconjugated bile acids would be extracted. 

In a further application of this preparative distribution procedure, the 
anion exchange resin, Amberlite [RA-400, was added in the basic form to 
the lower phases of Cells 4 and 5 prior to the distribution (20 gm. of wet 
resin per 100 ml. of the lower phase). As the extract phase was passed 
over these two raffinate phases, fatty acids were trapped by the resin and 
held in the lower phases, and the remaining lipides passed into the extract 
pool. The presence of the resin in Cells 4 and 5 did not appear to alter 
the partition ratios of monopalmitin or triolein significantly, since in pilot 
experiments these compounds passed into the extract pool quantitatively. 
To recover the acids from the resin, concentrated HC] in ethanol was added 
as displacer, and the organic acids then migrated back into the upper 
phase. During this displacement ethyl esters have sometimes been 
formed, and recovery has not always been quantitative. Mattson!’ and 


! Personal communication. 
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acetic acid in ether is stated by Borgstr6ém (25) to overcome these diffi- 
culties, but his suggestion has not been evaluated in this study. 


TABLE I 
Partition Ratios* of Various Compounds in Five Solvent Systems for Counter-Current 
Distribution 
Compound System A | System B | SystemC | System D | System E 
11.5 0.23T 0.05 2.20 0.16 
> 20 8.06T | >20 > 20 > 20 

Corn oil monoglyceride........... | 0.07t 

> 20 1.90F <0.05 2.50 
2.20 

patmitate. ........... > 20 8.51f | >20 > 20 

Glycocholic acid................. <0.05 <0.05 
Deoxycholic acid................. 0.70 | <0.05 <0.05 
5.5 0.07 0.06 | <0.05 0.24 
Mixed phosphatides from human 

Dextrose, glucose, milk protein, | | 

intestinal juice protein......... <0.05 | 


* Partition ratios (concentration in upper phase)/ (concentration in lower phase) 
were determined in equal phase volumes of previously equilibrated solvents. 

t Ratios calculated from multiple transfer counter-current distributions. 

Svstem A, heptane, ethyl ether, ethanol (95 per cent), water (equal volumes) ; 
System B, heptane, methyl Cellosolve, isoamy! alcohol (60:40:2 volumes); System 
C, heptane, acetonitrile, methanol, glacial acetic acid (4:1:1:1 volumes, see also 
(15)); Svstem D, heptane, ethyl ether, ethanol (95 per cent), 0.2 N NaOH (equal 
volumes); System FE, heptane, glacial acetic acid, water (100:97.5:2.5 volumes, see 
also (18)). 


The capacity of IRA-400 to trap fatty acids and bile acids out of the 
upper phase of System A has been explored. Solvents and resin were used 
in the same proportions as described above: 5 ml. of the upper and lower 
phases with | gm. of resin (wet weight). 


Increasing amounts of fatty 
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acids or non-polar bile acids were dissolved in the mixture, and after 


equilibration the upper phase was dried to determine its residue. It was 
found that 1 gm. of wet resin, prepared and used as described, trapped a 
maximum of 120 mg. of palmitic acid. On the other hand, the most non- 
polar bile acid, lithocholic, partitioned itself between upper and lower 
phases with a K of 1.75, in contrast to A 5.5 when no resin was included 
in the lower phase. When 3 times as much resin was used, the AK was 
lowered to 0.22. It is apparent that under these conditions the resin is 
not sufficiently strong to attract lithocholic acid entirely into the lower 
phase. However, three cells containing 60 gm. of IRA-400 per 100 ml. 
of the lower phase of System A would trap 99 per cent of any lithocholic 
acid present in the extract. 

Separation of Mono-, Di-, and Tripalmitin—-A synthetic mixture of the 
three glycerides of palmitic acid was cleanly separated into its three com- 
ponents in the system heptane 60 parts, methyl Cellosolve 40 parts, iso- 
amyl alcohol 2 parts (System 8h, Table I) after 213 transfers (Fig. 1). 
There was only shght skewing of the three curves, and glyceride glycerol 
analyses calculated in terms of the corresponding glyceride checked with 
the weight values at various points on the three curves within the limits 
of accuracy of the glycerol procedure. 

Homogeneity of Test Triglycerides—-Vhe homogeneity of the corn oil and 
synthetic triolein to be used in the feeding experiments was tested by 
distribution of the two fats in System B. Both triglycerides appeared a- 
single symmetrical peaks with A values of 9.5 and 7.7, respectively, and 
with slightly broader than theoretical curves. Glyceride glycerol analy se- 
throughout the remainder of the distribution train were negative, denoting 
the absence of lower glycerides in these triglyceride samples. Non-glve 
eride contaminants of corn oil (1.9 per cent) were found to be more pol: 
than the triglyceride itself; several incompletely separated bands with 
extremely small amounts of solute had A values of 0.6 to 2.2. 

The triolein sample was also distributed in System A over the resin 
IRA-400. Nothing was recovered from the resin when it was discharged 
and extracted, denoting the absence of free fatty acids. The triolein was 
recovered in 100 per cent yield from the pooled extracts and distributed 
in System B. Only one peak of solute was demonstrated. It was con- 
cluded that the extraction procedure, exposure to resin, and subsequent 
recovery of solute out of the solvents of System A had not produced hy- 
drolysis of triglyceride to lower glycerides. 

Isolation of Lower Glycerides in Intestinal Digestion of Corn Oil—Patient 
1 was fed 25 gm. of corn oil homogenized in 550 ml. of balanced formula, 
and over a 4 hour period 180 ml. of intestinal juice were aspirated at a 
point 17 inches below the ligament of Treitz in a small bowel measuring 
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112 inches. The frozen specimen was rapidly thawed and brought to pH 
3.9 with HCl, and the entire specimen was distributed in System A. IRA- 
400 was not used in this distribution. Mixed solutes recovered from 
pooled extracts weighed 1324 mg. and included 34 mg. of cholesterol and 
0.73 mg. of phosphorus. 

The solute mixture was distributed in System C (Table I). After 195 
transfers gravimetric analysis showed three major bands. The band with 
K = 0.074, when data for glyceride glycerol and weight were compared, 
was considered to be a Cis-monoglyceride. Vhe band with A = 10.8 was 
ealculated similarly to be Cjs-triglveceride. The solute recovered from 


1-Monopalmitin (487mg) Total weight 


1,3-Dipalmitin (974 ") Theoretical 
50 | Heptane/Methyl Ceilosolve _ gyera 
| | 
213 transfers | 


—m 


80 100 120 140 160 
Tube number 


hig. 1. Distribution of a synthetic mixture of mono-, di-, and tripalmitin in 
Svstem B. 


these two bands weighed 167 and 45 mg., respectively; further identifica- 
tion Was not attempted. The middle and major bands had two peaks 
with A = 1 and 1.5. The mixed solute in this band weighed 899 mg. on 
recovery. The AK values and other analyses indicated a mixture of Cys- 
diglvceride, free fatty acids, bile acids, and cholesterol. Therefore, the 
mixture was separated by eleven transfers in System D (Table 1) into 
non-acidie and acidic fractions, weighing on recovery 155 and 757 mg., 
respectively. The non-acidie fraction was taken up in ethanol-ether 
(3:1), and cholesterol was removed with digitonin. Petroleum ether 
(30-60°) was added to the filtrate, and excess digitonin was removed by 
Washing repeatedly with water. The solute recovered from petroleum 
ether was an oil (110 mg.), having a saponification equivalent of 316. 
Cilyceride glycerol analyses were consistent with the postulation that 
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this material was Cis-diglyceride. The infra-red spectrum of this oil g 
was not significantly different from that of authentic diolein. ti 
The acidic fraction from the distribution in System D was recovered n 
into ether after acidification of the alkaline lower phase. It was distrib- t] 
uted in System E (Table I) in order to separate the fatty acids from the 
more polar compounds. After eleven transfers there was clear-cut separa- SI 
tion of a polar fraction in Tubes 0 to 2 (48 mg.) from the fatty acid fraction el 
in Tubes 3 to 10 (710 mg.). The latter fraction was a colorless oil, volatile o! 
at 100° and 1 mm. pressure, which had an infra-red spectrum consistent W 
with published spectra of Cjs-unsaturated fatty acids (26). The small W 


polar fraction gave a positive Pettenkofer reaction and may have included 
bile acids; it was not studied further. 

To summarize these experiments, after 25 gm. of corn oil were fed by 
mouth, 1300 mg. of mixed lipides were extracted from upper jejunal con- 
tents. Mono-, di-, and triglycerides were isolated in amounts of 167, 110, 
and 45 mg., respectively, together with 710 mg. of mixed fatty acids and 
34 mg. of cholesterol. 

Isolation of Lower Glycerides in Intestinal Digestion of Triolein—Patient 
2 was fed 40 gm. of synthetic triolein homogenized in 720 ml. of balanced 
formula, and over a 4 hour period 300 ml. of intestinal juice were aspirated 
at a point 30 inches below the ligament of Treitz in a small bowel measur- 
ing 90 inches. The frozen specimen was rapidly thawed and a 200 ml. 
aliquot was withdrawn; the pH was taken to 3.4 with HCl, and the entire 
specimen was distributed in System A over the anion exchange resin, 
IRA-400, 40 gm. per 400 ml. of lower phase. From the pooled extract 
976 mg. of non-acidic lipides were recovered, including 60 mg. of cholesterol 
and 0.014 mg. of phosphorus. The solute mixture was distributed in of 
System B, and after 195 transfers three well defined bands were demon- 
strated (Fig. 2). 

The material with K = 0.164 showed an excellent fit for monoolein when | 
glyceride glycerol data were so calculated. 396 mg. of oil were recovered, a 


with a saponification equivalent of 327. The infra-red spectrum of this 2 
oil was identical with that of authentic monoolein, except for the pres- - 
ence in the former of a band at 10.85 my due to trans acids. This band a 
was also present in the synthetic triolein (11.8 per cent trans acids) fed to . 
the patient. After crystallization from acetone at —4° and drying at 100° * 
for 2 hours over P.O; in high vacuum, elementary analyses were as follows: . 
C 70.32, H 11.56, ash 2.75 per cent (theoretical for monoolein, C 70.8, H ‘ 
11.3). 


The band with AK 11.6 contained a small amount of esterified cholesterol 
equivalent to 25.5 mg. if caleulated as cholesterol oleate. Excellent 


. ay 
agreement was found between the total weight curve and the curve for 
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glyceride glycerol calculated as triolein, when the 14 per cent contamina- 
tion by esterified cholesterol was taken into consideration. 180 mg. of 
mixed solutes were recovered, which had an infra-red spectrum resembling 
that of the triolein originally fed to the patient. 

The intermediate band (K = 1.2) had a shoulder on the left due to a 
small amount of free cholesterol. At other points on the curve the glyc- 
eride glycerol-weight data supported the assumption that the main part 
of this band was diolein. The solute recovered from Tubes 78 to 130 
weighed 175 mg. The cholesterol contaminating this fraction (35 mg.) 
was removed with digitonin as described in the preceding section. The 


5.0 
| 984 mg. non-acidic intestinal lipides 

Heptane/ Methy] Cellosolve,|so-amy1 Alcohol 
4. 195 transfers 


— Total weight 


oGlyceride from glycerol data 
Free cholesterol 

o—O Cholesterol ester 

20 
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Fig. 2. Distribution of non-acidie lipides extracted from the intestinal contents 
of Patient 2 after triolein feeding (System B). The K values of major bands are 
(0.164, 1.2, and 11.6 (left to right). 


infra-red spectrum of the residual oil was identical with that of authentic 
diolein, except for the presence in the former of a band at 10.85 my due to 
trans acids, found also in the triolein fed to the patient. We were not 
successful in crystallizing this material, even at low temperatures. Subse- 
quently the entire fraction was hydrogenated and then saponified, showing 
a saponification equivalent of 335. The fatty acids were recovered by 
ether extraction of the acidified saponification mixture and crystallized 
out of 95 per cent ethanol. After two crystallizations a melting point of 
67.5° was obtained (theory 69.5°). The S-benzylthiuronium salt of this 
material was prepared, which after two crystallizations melted at the 
temperature reported for this derivative of stearic acid (143°) (27). 

The acids trapped by IRA-400 in the extraction of lipides from this 
aspirated specimen were freed from the resin by concentrated HCl in 
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ethanol. The recovered solute weighed 1506 mg. and gave a negative a 
Pettenkofer reaction. The entire batch was distributed in System C r 
(Table I), in which bile acids with very low K values would be clearly it 
separated from long chain fatty acids (A of oleic acid = 1.9). Analysis e 
after 195 transfers showed two bands at A 1.93 and K 7.1. There was no \ 
material with a low K, confirming the absence of bile acids. The highly | — p 
non-polar solute (K 7.1) was subsequently identified as ethyl oleate on the | I 
basis of its failure to bind base, the absence of glycerol, and its infra-red ‘a 
spectrum. The band at K 1.93 was identified as oleic acid with trans acid I 
contamination on the basis of its K in this solvent system and its infra-red | ii 
spectrum. Subsequent studies showed that the ethyl ester of oleic acid gr 
had been formed during the process of displacing it from the resin with te 
HCl in ethanol, about 50 per cent of the acid having been converted to 
the ester in the above experiment. Thus, at least 1448 mg. of oleic acid p 
must have been trapped on the resin in the original extraction-distribution ) 
in System A. Since we are not certain that recoveries of organic acids C: 
from the resin are quantitative under the conditions reported, this is a Oo 
minimal figure. 1! 
In summary of this experiment, when 40 gm. of synthetic triolein were c 
fed by mouth, 1300 mg. of non-acidic lipides were extracted from mid- (. 
jejunal contents. From this were isolated 532 mg. of monoolein, 186 mg. 0 
of diolein, 186 mg. of triolein, 47 mg. of free cholesterol, and 33 mg. of t] 
cholesterol oleate. In addition, at least 1900 mg. of oleic acid were found. a 
DISCUSSION 
Separation of monoglycerides from diglycerides was reported by Zilch n 
and Dutton (28) in the system, heptane-80 per cent ethanol, in twenty-four ] 
transfers. This procedure for isolating monoglycerides was adopted by W 
Mattson et al. (5, 9), while Kuhrt et al. (10) used Skellysolve B-85 per cl 
cent methanol with similar effectiveness. The present report describes 
two solvent systems (B and C, Table I) in which excellent separation of \ 
the three glyceride classes from each other has been attained and a third \ 
system (E) in which monoglycerides are separated from higher glycerides n 
in less than ten transfers. The isolation of each glyceride class from the oO 
complex mixture of lipides present in the intestinal lumen during fat oO 
digestion is, however, complicated by the fact that the distribution charac- eC 
teristics of long chain fatty acids are similar to those of long chain diglyc- a 
erides. ‘To overcome this problem, Borgstr6ém (29) admitted such mix- dl 
tures to a column containing the anion exchanger, IRA-400, in order to » 
adsorb the fatty acids. In our experiments IRA-400 was used for the g 
same purpose as one phase of a three phase distribution. There are, n 
however, unexplored hazards of sorption and desorption of trapped fatty — 
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acids from the resin, and the attainment of resin from which undesirable 
residues are not extractable is always uncertain. It seemed preferable 
and no more laborious to distribute the fatty acids along with the glyc- 
erides and at a later stage to separate the diglycerides from the fatty acids 
which overlap them in all systems studied so far. This can be accom- 
plished quantitatively in eleven transfers in the alkaline System D (Table 
I). Whether isomerization of unstable lower glycerides (2-monoglycerides 
and 1,2-diglycerides) occurs during counter-current distribution, as 
Borgstr6ém (30) has found to occur on silicic acid columns, has not been 
investigated. Monoglycerides could be isolated from diglycerides and tri- 
glycerides without isomerization of monoglycerides by partition chroma- 
tography (30). 

In the present experiments diglycerides have been characterized by their 
partition ratios in three counter-current distributions, by correspondence 
of glyceride glycerol and weight data, by infra-red spectra, and by identifi- 
cation of the fatty acid after hydrogenation, saponification, and formation 
of a derivative. For the first time diglycerides have been demonstrated 
in human intestinal contents during triglyceride digestion. The findings 
confirm the results of experiments tn vitro and in vivo by other workers 
(5, 7, 9, 25, 31) and are consistent with the current belief that diglycerides 
originate from triglycerides after loss of 1 mole of fatty acid. However, 
the possibility must be seriously considered that diglycerides may appear 
after resynthesis from monoglycerides, since Borgstrém (25, 31) has demon- 
strated conclusively that synthetic as well as transesterification reactions 
take place in the intestinal contents of rats. The present experiments offer 
no data relevant to this issue. Whether the diglycerides isolated were the 
1,2 or 1,3 isomers cannot be answered at present. In pilot experiments 
we have not been able to separate mixtures of these compounds by counter- 
current distribution. 

Our results form an interesting contrast to those of Kuhrt et al. (10), 
who reported 37 to 50 per cent of intestinal lipides to be monoglycerides 
when aspiration was carried out at the ligament of Treitz. Our experi- 
ments were made on aspirated samples recovered distal to the ligament. 
of Treitz (15 and 33 per cent of the jejuno-ileal length) and showed that 
only 13 and 17 per cent of the lipides were monoglycerides, 9 and 6 per 
cent diglycerides, 4 and 6 per cent triglycerides, 58 and 60 per cent fatty 
acids, respectively. It seems probable that the discrepancies between the 
data of Kuhrt ef a/. and ours in human subjects will be resolved when re- 
peated aspirations are made in a single subject at various locations in the 
gut, an objective which seems attainable with the present intubation tech- 
nique, 
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SUMMARY 


Methods by which lipides are quantitatively extracted from intestinal 
contents and further separated into fatty acid, bile acid, and mono-, di-, 
and triglyceride fractions are described. Samples of intestinal contents 
heve been aspirated from two healthy human subjects after test meals 
containing defined fats, and the various products of fat hydrolysis have 
been isolated. Diglycerides have been positively identified for the first 
time as components of intestinal contents during fat digestion in human 
subjects. 


The authors gratefully acknowledge the invaluable assistance of Dr. 
Herbert Jaffe in interpretation of infra-red spectra. 
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PEPTIDES AND BACTERIAL GROWTH 


VII. RELATION TO INHIBITIONS BY THIENYLALANINE, 
ETHIONINE, AND CANAVANINE 


By HAYATO KIHARA anp ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of - 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, August 3, 1954) 


Previous papers from this (1-5) and other (6-12) laboratories have es- 
tablished several conditions under which appropriate peptides may sur- 
pass their component amino acids in growth-promoting activity for bac- 
teria. (a) Assimilation of a free amino acid, but not that of its peptides, 
may be inhibited by the presence of an antagonistic amino acid (1, 4-8, 
11, 12); (b) a free essential amino acid, but not appropriate peptides of it, 
may be partially destroyed during growth, thus decreasing the amount of 
the free amino acid available for protein synthesis (2, 9, 10); and (c), for 
reasons other than the presence of antagonistic amino acids, absorption of a 
given essential amino acid may be less efficient than that of its peptides 
(3, 11, 12); e.g., the efficient absorption of the free amino acid but not of 
appropriate peptides may require heightened levels of structurally unre- 
lated amino acids (or other nutrients) in the medium (3, 12). In none of 
these studies has evidence favoring direct incorporation of peptides into 
protein without prior hydrolysis (or “‘transpeptidation”’) appeared. 

Few studies of the effectiveness of peptides in counteracting inhibitory 
effects of synthetic antimetabolites of amino acids have been made, and 
these have yielded conflicting results. In line with results obtained with 
naturally occurring antagonistic amino acid pairs cited in category (a) 
above, appropriate peptides of tryptophan, in contrast to the free amino 
acid, non-competitively prevent the inhibitory effects of 4-methyltrypto- 
phan for Streptococcus faecalis and Staphylococcus aureus. At high concen- 
trations of the inhibitor, therefore, they are much more active than free 
tryptophan in supporting growth (13). However, the same peptides were 
no better than free tryptophan in preventing the inhibitory effects of 4- 
methyltryptophan for Escherichia coli (13). Similarly, peptides of phenyl- 
alanine were no more active than phenylalanine in counteracting the in- 
hibitory effects of 8-2-thienylalanine for /. coli, and were less active for 
Saccharomyces cerevisiae (14). It appeared worth while, therefore, to ex- 
amine available inhibitors and peptides to clarify this relationship further. 
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PEPTIDES AND BACTERIAL GROWTH. VII 


EXPERIMENTAL 


Assay Organisms' and Procedures—The lactic acid bacteria used were 
Lactobacillus arabinosus 17-5 (8014) for the thienylalanine and canavanine 
studies and Leuconostoc mesenteroides P-60 (8042) for the ethionine studies. 
The cultures were carried as described previously (15). The basal medium 
described by Holden et al. (16), supplemented with 0.4 y of pyridoxamine 
per ml. but without phenylalanine, was used for the experiments with 
thienylalanine. The basal medium of Henderson and Snell (17), the glu- 
cose concentration reduced from 2 to 1 per cent and either arginine or 
methionine omitted, was used for the studies with canavanine and ethio- 
nine. Inocula were cultured in 5 ml. of the synthetic basal medium, sup- 
plemented with the appropriate amino acid for 18 hours at 37°; the cells 
were centrifuged and washed twice with water, then diluted to contain ap- 
proximately 2 y (dry weight) of cells per ml. 1 drop of this suspension was 
used to inoculate each culture tube. In experiments with canavanine, the 
total volume of culture medium was 4 ml., and permitted direct turbidity 
readings. In studies with thienylalanine and ethionine, the total culture 
volume was 2 ml., and cultures were diluted to 4 ml. with water just prior 
to turbidity determinations. 

Cultures of Escherichia coli W (9673), EF. coli M 83-5 (a phenylalanine- 
less mutant of the W strain), and LF. coli Y 109? were carried as slant cul- 
tures on the minimal medium of Davis and Mingioli (18), supplemented 
in the case of the mutant with 40 y of pL-phenylalanine per ml. Inocula 
were grown by incubation at 37° for 18 hours in 5 ml. of the same medium 
(agar omitted). Cells were centrifuged, washed twice with water, and di- 
luted prior to use as described for lactic acid bacteria. Tests were carried 
out in 2 ml. volumes and diluted to 4 ml. for growth determinations as 
above. 

With one exception, the basal medium and test supplements were com- 
bined and diluted to volume in the usual fashion (1), autoclaved for 5 
minutes at 120°, cooled, and inoculated. Canavanine, however, is de- 
stroyed slowly by autoclaving (19); solutions of it were sterilized by filtra- 
tion through ultrafine sintered glass filters and added aseptically to the pre- 
viously sterilized basal medium. 

After appropriate incubation periods, culture turbidities were determined 
with the Evelyn colorimeter (filter No. 660) or the thermocouple turbidi- 
meter (20).’ 


1The numbers in parentheses are catalogue numbers of the American Type Cul- 
ture Collection. 

2 We are indebted to Dr. Bernard Davis for cultures of FE. coli W and M 83-5 and 
to Dr. J. Lederberg for FE. coli Y 109. 

3 The thermocouple turbidimeter was preferred for growth determinations of F. 
coli, particularly when the cultures were diluted, because of the great sensitivity of 
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Test and pi-ethionine were commer- 
cial products;* L-canavanine was isolated from jack bean meal by a modi- 
fication® of the procedure of Kitagawa and Yamada (21). Clupeine sul- 
fatet was hydrolyzed completely by autoclaving at 120° for 48 hours with 
excess 6 N H.SQO,; a partial hydrolysate was prepared by autoclaving at 
120° for 5 hours with 1 N H2SO,. In each case the hydrolysate was ad- 
justed to pH 3.0 with Ba(OH)., the precipitated barium sulfate was re- 
suspended in hot water and filtered, and the combined filtrates were ad- 
justed with NaOH to pH 7.0. 


RESULTS AND DISCUSSION 


Thienylalanine—Utilization of phenylalanine for growth by L. arabi- 
nosus is inhibited by 8-2-thienyl-pL-alanine, and this inhibition is prevented 
by increased concentration of L-phenylalanine at all levels of the inhibitor 
tested (Fig. 1, 4). In this sense, the inhibition is competitive; however, 
the inhibition indices calculated for various concentrations of inhibitor are 
not constant, as they should be for truly competitive inhibition of a single 
process. Appropriate peptides of phenylalanine, typified by glycyl-L- 
phenylalanine, are available sources of phenylalanine for growth of this 
organism and counteract the inhibitory effects of thienylalanine much more 
effectively than the free amino acid; 7.e., in the presence of these levels of 
inhibitor, the peptides are much more active than phenylalanine in sup- 
porting growth (Fig. 1, B). Similar effects were observed with F. coli W 
and the phenylalanineless mutant 83-5 derived from it (Fig. 2). Similar 
data secured with additional peptides are summarized in Table I. It 
should be noted that the concentrations of peptide required for growth of 
each of the three organisms also increase as the concentration of inhibitor 
is increased; 7.e., utilization of the peptides also is inhibited by thienylala- 
nine, but not nearly so effectively as that of free phenylalanine. Similar 
observations involving utilization of serine peptides by Lactobacillus del- 
brueckit in the presence of alanine have been made previously (4). Pro- 
nounced differences in the utility of various peptides are apparent; e.g., 
L-alanyl-L-phenylalanine, in contrast to glycyl-L-phenylalanine, is only 
slightly superior to L-phenylalanine in the presence of the inhibitor. Com- 
parison of the activity of L-phenylalanyl-L-phenylalanine with that of other 


this instrument at low turbidities. For example, galvanometer readings obtained 
with the turbidimeter for solutions containing 0, 0.1, and 0.2 mg. of E. coli cells 
(dry weight) per ml. were 0, 23, and 40, while the Evelyn colorimeter gave readings 
of 100, 92, and 83 per cent light transmission. 

* Nutritional Biochemicals, Inc. 

5H. Kihara and EF. KE. Snell, to be published. Analyses for the isolated product 
were C 34.16, H 6.79, N 31.77; calculated for canavanine (C;H,.03N,4), C 34.08, H 
6.87, N 31.80. 
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Fic. 1. The comparative growth response of L. arabinosus to L-phenylalanine 
(A) or glycyl-L-phenylalanine (B) in the presence of 8-2-thienylalanine. Incubation 
time, 18 hours at 37°. 
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Fia. 2. Comparative growth response of wild type E. coli (A, B) and its pheny]- res 
alanineless mutant (C, D) to L-phenylalanine (A, C) or t-phenylalanylglycine (B, 
D) in the presence of 8-2-thienylalanine. Curves 1, 2,3, and 4 are responses to 0, | ae 
250, 500, and 1000 y of thienylalanine per ml., respectively. Incubation time, IS | tur 
hours at 37°. ho 
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active peptides (e.g. prolylphenylalanine, glycylphenylalanine) shows that 
both phenylalanine residues of this peptide are utilized for growth in the 
absence of inhibitor. In the presence of inhibitor, however, the peptide 
has considerably less than twice the molar activity of those peptides con- 
taining a single phenylalanine residue (Table I). This finding is consistent 


TABLE I 


Comparative Activities of Phenylalanine Derivatives in Preventing 
Thienylalanine Inhibition 
E. coli W (wild type) and E. coli 83-5 (phenylalanineless) were cultured in mini- 
mal medium (18) with indicated supplements for 18 hours at 37°. A previously de- 
scribed (16) medium, with phenylalanine omitted, was used with L. arabinosus, 
which was incubated for 18 hours at 37°. 


| E. coli W | E. coli 83-5 | L. arabinosus 17-5 
8-2-Thienylalanine concentration, y per ml. 
Compound 
250 | 500 | 1000 | 0 250 500 | 1000 | 0 250 | 500 | 1000 
Amount permitting half maximal growth, mymoles per ml. 
| 

t-Phenylalanine........ 40 69/100/ 18 | 41/ 73/100, 26 | 38 | 69 | 160 
p-Phenylalanine........ 270 850 
L-Phenylalany]-.- | 

phenylalanine........ § 11 16 8 12 | 16 38 11 | 15; 19 30 
L-Prolyl-L-phenyl- 

9/14) 24 15 20 | 25; 37 28) 30! 38) 44 


L-Phenylalanylglycine..| 13 22; 32 12 17 | 25; 41) 19 | 23; 29! 36 
Glycyl-L-pheny]- | 


12 16! 23 16 19 | 22 | 46; 22 | 25 | 29); 38 
Glycyl-pL-pheny]- | 

29 | 47 | 61 30 39 | 50) 81); 46 | 52 | 61)! 88 
L-Alanyl-L-phenyl- 

39 62° 8i 11 49 | 67 | 92); 28 | 37 | 62; 76 
Phenylpyruvic acid*...| 47 62 32 46 | 60 34 | 39 
Calcium phenyl- | | | | | | | | 

| | Inactive | | 28 | 35 | 


| 


* Sterilized by filtration and added aseptically to previously autoclaved culture 
media. 


with the idea that in the presence of inhibitor the peptides are utilized via 
transpeptidation rather than hydrolysis, for, in the simplest case, trans- 
peptidation would set free 1 molecule of phenylalanine per phenylalany] 
residue transferred to other receptors. Utilization of the free phenyl- 
alanine thus formed would proceed unimpeded in the inhibitor-free cul- 
tures, but not in the cultures containing the inhibitor. These experiments, 
however, do not permit an unequivocal interpretation on this point, es- 
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pecially since, if transpeptidation prior to other syntheses is assumed, the the 
free amino acid liberated would be that at the carboxy] end of the peptide, a 
z.e. phenylalanine from glycylphenylalanine and prolylphenylalanine, thus 
providing no explanation for the observed enhanced activity of these pep- ae 
tides. Phenyl pyruvate was active, but no more so than phenylalanine, for 
the three organisms; only L. arabinosus utilized pheny] lactate, and again 
to the same degree as phenylalanine (cf. (16)).. Tryptophan and tyrosine, 
both of which are present in the basal medium for L. arabinosus, did not 
replace phenylalanine for any of the test organisms under these conditions. 
The inactivity of tyrosine under these conditions and the activity of phenyl eh 
pyruvate both differentiate strain W of EF. coli used here from the strain of 
E.. coli described by Beerstecher and Shive (22). 
In contrast to the results cited above, Dunn and Dittmer (14) reported 
that peptides of phenylalanine were no more active than free phenylala- 
nine in preventing inhibition of /. coli by thienylalanine. These authors ~— = — 
used only wild type /. coli with very low inhibitor concentrations. Under L-F 
these conditions, we obtain results (second column, Table II) which com- Gh; 
pare closely with theirs (third and fourth columns, Table 11). Tyrosine es 
and tryptophan, in contrast to their inactivity at high inhibitor concentra- 4 
tions, also prevent inhibition by thienylalanine under these conditions, | Gh 
although somewhat less effectively than phenylalanine. — 
These divergent results at the two inhibitor concentrations make it clear 
that different processes are being inhibited under the two sets of conditions. — | 7 
At low inhibitor concentrations, biosynthesis of phenylalanine but not its | we 
utilization would appear to be the primary process affected. From Figs. | whi 
1, A and 2, C it is clear that amounts of thienylalanine sufficient toinhibit | — inh 
growth of wild type FE. coli W when this organism is synthesizing phenyl- ; 
alanine (7.e., growing in its absence (cf. Table I1)) are insufficient to inhibit mg 
growth of the phenylalanine-requiring strains or of the wild type in the | ¢o, 
presence of the minimal amounts of phenylalanine required by the former | 
cultures. Utilization of phenylalanine is not inhibited, and hence pep- side 
tides are no better than free phenylalanine as reversing agents. Further- ” 
more, substances such as tryptophan and tyrosine, which increase syn- The 
thesis of phenylalanine or spare the requirement for it (22, 23, 25), show | ging 
significant reversing activity. At higher concentrations of inhibitor, syn- 
thesis of the amino acid is, of course, still inhibited, but utilization of the sun 
preformed amino acid also is inhibited (Figs. 1 and 2). Under these cir- me: 
cumstances, appropriate peptides surpass phenylalanine in activity since | ple 
6 This is true in many other cases. For example, much smaller amounts of cana- inh 
vanine suffice to inhibit wild type EZ. coli growing in the absence of arginine than to | dro 
inhibit either an arginineless mutant or the wild type when these are grown with the [| — con 
minimal amounts of arginine required by the mutant (24). hye 
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they resemble thienylalanine less closely in structure, and their assimilation 

is consequently less subject to interference by the inhibitor. 
Ethionine—Ethionine has been shown to inhibit several microorganisms, 

including F. colz (26), S. aureus (27), and L. arabinosus (28). Experiments 


TABLE II 


Comparative Activities of Phenylalanine and Related Compounds in Reversing 
Inhibition of Several Strains of E. coli (Wild Type) by Low 
Concentrations of B-2-Thienylalanine 


E.coliW* | E.coli 9723 (14)t | coli (23)t 
Thienylalanine concentration, y per ml.t 
Compound 
0.66 (0.28) | 0.66(0.14) | 0.83 (0.31) 
Relative molar activity, per cent§ 

L-Phenylalanine................... 100 (0.45) 100 (0.57)! 100 (0.58) || 
100 94 || 
Glycyl-L-tyrosine................. <<159 | 
Glycyl-L-tryptophan.............. <<159 | | 


* 2 ml. cultures, incubated 18 hours, 37°, minimal basal medium (18). 

t Values in literature. The fourth column is an unspecified strain. 

t At the concentrations used, no growth occurred in the absence of added supple- 
ments. The figures in parentheses are the amounts of inhibitor (microgram per ml.) 
which caused inhibition to 50 per cent of the growth obtained in the absence of both 
inhibitor and other supplements. 

§ The figures in parentheses are the amounts of L-phenylalanine (millimicromoles 
per ml.) required to promote half maximal growth in the presence of the inhibitor 
at the concentrations indicated. These values were arbitrarily set at 100 per cent 
for each strain. 

|| Racemic mixtures were used. For comparative purposes the p isomer was con- 
sidered inactive (see Table I), and calculations were based on the concentrations of 
the L isomer only. 

{ These compounds did not promote any growth at the concentrations tested. 
The highest concentrations tested were 0.84 and 0.76 myumoles per ml. for the tyro- 
sine and tryptophan peptides, respectively. 


summarized in Table III show that the compound inhibits growth of L. 
mesenteroides P-60 by interfering with utilization of methionine. Com- 
pletely hydrolyzed proteins were no more effective in counteracting this 
inhibition than was expected from their methionine content; a partial hy- 
drolysate of this same protein was considerably more effective than the 
complete hydrolysate. That this heightened effectiveness of the partial 
hydrolysate is due to its content of methionine peptides is apparent from 
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the fact that glycylmethionine and alanylmethionine are both more ac- 
tive than free methionine in negating ethionine inhibition. In this in- 
stance, as with the phenylalanine peptides above and with serine peptides 
(4), some inhibition of the utilization of the peptides by the inhibitor is 
apparent. 

Canavanine—The physiological properties of this naturally occurring 
structural analogue of arginine have been described briefly for mice (30), 


TAaBLe III 


Comparative Activities of Methionine Peptides in Preventing Ethionine 
Inhibition of L. mesenteroides* 


| Ethionine concentration, y per ml. 


Compound 0 | 125 | 250 500 


Amount permitting half maximal growth, 
mumoles per ml. 


a 8 | 44 | 67 98 
13 65 | 115 157 
pi-Alanyl-pL-methioninef.................. | 16 | 26 | 33 42 
Partial hydrolysate of caseinf............. | 8§ | | 38§ 
Complete hydrolysate of casein||........... | 8§ | 93§ 


* Cultured in a synthetic medium previously described (17), methionine omitted, 
at 37° for 18 hours. 

7 p-Methionine is less than 10 per cent as active as L-methionine for this organ- 
ism (29). 

¢t Enzymatically digested casein, received as NZ-amine type A through the cour- 
tesy of the Sheffield Farms Company, Inc. 

§ The amounts of casein digest necessary to promote half maximal growth in the 
absence of the inhibitor were arbitrarily called equivalent to 8 mumoles of L-methi- 
onine, and the equivalences in the presence of the inhibitor were calculated propor- 
tionately. 

|| Casein refluxed with 6 Nn HCl for 24 hours. 


rats (31, 32), Neurospora (33, 34), Avena coleoptile (35, 36), FE. coli (24), 
several lactic acid bacteria (24), Bacillus subtilis (34), and yeast (37). In 
each instance in which canavanine was inhibitory, this inhibition was pre- 
vented by arginine. 

Synthetic peptides of arginine are not generally available. We have 
compared, therefore, the activities of a completely hydrolyzed sample of 
the arginine-rich protamine, clupeine, and of a partially hydrolyzed sam- 
ple of the same protein in preventing inhibition of two canavanine-sen- 
sitive organisms,’ L.. arabinosus 17-5 and F. coli Y 109. 


7 Previous work has shown that different species of lactic acid bacteria vary 
greatly in their sensitivity to canavanine, some strains being completely insuscep- 
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Results of studies with L. arabinosus, which requires arginine in the 
medium for growth, are summarized in Fig. 3. The time required for 
maximal growth with 50 y of arginine (lig. 3, A) increases progressively 
with the inhibitor concentration; this slower growth is a result both of a 
pronounced increase in the lag phase and of a decreased rate of cell division 
(evidenced by the decrease in slope) during the logarithmic phase of growth. 
When arginine is supplied at a similar level by completely hydrolyzed 
clupeine, very similar results are obtained (Fig. 3, B) which contrast with 
the results obtained when the partial hydrolysate is supplied (Fig. 3, C). 
In the latter case, the growth rate is identical at all concentrations of the 


L-ARGININE COMPLETE PARTIAL = 
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Kia. 3. The effect of varying amounts of canavanine on the rate of growth of 
L. arabinosus with constant arginine or arginine-containing supplements. A, L-ar- 
ginine hydrochloride, 50 y per ml.; 2, clupeine, complete hydrolysate, 100 y per ml.; 
C’, clupeine, partial hydrolysate, 100 y per ml. Curves 1, 2, 3, and 4 are in the pres- 
ence of 0, 50, 100, and 200 y of canavanine per ml., respectively. Incubated at 37°. 


inhibitor tested; 7.e., the partial hydrolysate is a non-competitive antago- 
nist of canavanine, and, at high levels of canavanine, is far more effective 
than free arginine in supporting growth. The same result was obtained 
when, instead of rate studies at constant arginine concentrations, the abil- 
ity of increasing amounts of arginine, total hydrolysate, or partial hydroly- 
sate to prevent inhibition at various levels of: arginine at a single time 
interval (ef. Figs. 1 and 4) was determined. 


tible to inhibition by this compound (24). During the present investigations, pro- 
nounced differences among various strains of /. coli were observed. EF. coli W and 
an arginineless mutant (45A-25) of this strain are not inhibited even by high concen- 
trations of this compound; F. colt Y 109 and an arginineless mutant (Y 117) of this 
strain are inhibited by very small amounts of this compound, as reported previously 
(24). 
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In Fig. 4 are given the results with E. coli Y 109, which synthesizes argi- on 
nine in the absence of inhibitor. Inhibition of growth by canavanine is of 
alleviated in an approximately competitive fashion (24) by arginine, and | an 
the effectiveness of the completely hydrolyzed clupeine is very nearly that | suy 
expected from its arginine content. The partially hydrolyzed clupeine is, uti 
however, more active than would be expected from its arginine content, 
although for this organism (in contrast to L. arabinosus) the partial hy- | ay 
drolysate is not a non-competitive antagonist of canavanine. Ee 
In view of the multiple demonstrations of this and preceding papers that | writ 
peptides of an amino acid show this heightened activity in counteracting | nis 
cor 
0.3 del 
WW to} 
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L-ARGININE (COMPLETE (PARTIAL me 
HYDROLYSATE) HYDROLYSATE) 
LOG,, MICROGRAMS PER ML. pre 
Fic. 4. The comparative growth response of EF. coli Y 109 to arginine or arginine- 
containing supplements in the presence of canavanine. Curves 1, 2, 3, and 4 are in 
the presence of 0, 50, 100, and 200 y of canavanine per ml., respectively. Incuba- 7 
tion time, 18 hours at 37°. 7 
amino acid antagonists, it is reasonable to conclude that arginine peptides : 
present in the partially hydrolyzed clupeine are responsible for its height- 5. 
ened ability to antagonize canavanine. ee. 
(. 
SUMMARY 
The activities of free amino acids and peptides of these amino acids in 10. 
counteracting the inhibitory effects of 6-2-thienylalanine, ethionine, and 11. 
canavanine on growing bacterial cultures were compared. Peptides were | 12. 
more active than the corresponding amino acid in all cases in which the Is. 
concentration of antagonist was sufficient to inhibit utilization of amounts 5 
of the externally supplied, structurally related amino acid sufficient for | 4g. 
growth of amino acid-requiring strains. Wild type F/. coli W is inhib- | — 17. 
ited by very low concentrations of thienylalanine; under these conditions, | 18. 
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amounts of phenylalanine much smaller than those required for growth 
of a phenylalanineless mutant of this organism suffice to permit growth, 
and phenylalanine peptides are no more active than free phenylalanine in 
supporting growth. In this instance, it appears that synthesis rather than 
utilization of phenylalanine is the inhibited reaction. 

This enhanced activity of peptides, compared with their component 
amino acids, in counteracting inhibitory effects of amino acid antagonists 
has now been observed with a variety of antagonist-amino acid pairs and 
with several different organisms as follows: 8-2-thienylalanine-phenylala- 
nine (/scherichia coli, Lactobacillus arabinosus); ethionine-methionine (Leu- 
conostoc mesenteroides); canavanine-arginine (/’. coli, L. arabinosus); p- 
alanine-L-alanine (Lactobacillus casei (1)); alanine-serine (Lactobacillus 
delbrueckii (4)); leucine-isoleucine coli (8)); 4-methyltryptophan-tryp- 
tophan (Streptococcus faecalis, Staphylococcus aureus (13)). It is coneluded 
that this behavior is the rule rather than the exception, and that this phe- 
nomenon is one of the most common explanations (though not the only one 
(2, 3, 9, 10)) of instances in which peptides show growth-promoting activ- 
ities not shared to the same extent by their component amino acids. 

The general nature of the phenomenon indicates either a quite general 
difference in the mode of utilization of peptides as compared to free amino 
acids for protein synthesis within the cell or that the inhibitory effects of 
the antagonist may be on absorption of the amino acids. Growth experi- 
ments do not provide a means for deciding among several mechanisms 
provided by each of these possibilities. 
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STUDIES ON PROTEIN SYNTHESIS IN VITRO 


V. THRE OF DIET AND FASTING ON INCORPORATION 
OF METHIONINE-S*® INTO LIVER PROTEIN* 
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Studies carried out previously in this laboratory have delineated some of 
the properties of the systems responsible for the incorporation of methi- 
onine-S* and cystine-S* into the proteins of slices of liver and of other types 
of tissue preparations (1-4). The present communication deals with ex- 
periments designed to test the effect of the previous nutritional state of 
animals on the ability of the liver to incorporate methionine-S*® into pro- 
tein. 

Krahl (5) has already reported the results of work carried out to deter- 
mine the effect of diabetes on the incorporation of glycine-1-C into the 
proteins of liver slices and of those of diaphragm. He found that fasting 
reduced the incorporation by the liver slices from normal animals, but that 
the addition of glucose completely reversed the effect. The tissue slices 
used in the present work were all incubated in media containing glucose; 
hence the effect of the absence of glucose is not known. However, in spite 
of the presence of glucose, definite differences were observed with respect 
to incorporation among the tissues taken from animals in the several 
groups. 


EXPERIMENTAL 


Animals—-Groups of rats of the Long-Evans strain were placed on four 
different diets for a week. The diets were similar to those adopted by 
Tarver and Morse (6) and were prepared by substituting appropriate 
amounts of casein for corn-starch to give diets either free of protein or con- 
taining 15 or 45 per cent casein.! The fourth group of animals received 
the ordinary laboratory stock diet. The diets were fed ad libitum. Sub- 
groups of animals were separated and fasted for variable lengths of time, 
as indicated in Table I, before testing their livers for incorporating pro- 
pensity. 

* This work was supported in part by a grant from the American Cancer Society 
upon the recommendation of the Committee on Growth of the National Research 
Council. Our thanks are also due tothe United States Atomic Iknergy Commission, 
Oak Ridge, for supplies of S** used in these experiments. 

1 Referred to hereinafter as Diets PF, 15, 45, or S, respectively. 
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Incorporation M easurement—The general methods used in the preparation 
and setting up of the slice experiments have been described in detail (3), 
Each flask contained approximately 0.5 gm. of wet liver tissue in the form 
of slices of optimal thickness taken from a pool prepared from the livers of 
three animals in the same nutritional state. No slices stood in the pool 
longer than 15 minutes, and the pool itself was kept cooled in an ice bath. 
Incubations were carried out at 37-38° for 2 hours in the medium contain- 
ing 1 mg. of pL-methionine-S* (1.33 uwmoies per ml.) and 0.1 per cent of 
glucose. The incorporation of the methionine was determined after hy- 
drolysis of the protein and precipitation of the activity due to cystine § 
(and humin), as previously described (3). Radioactivities of the benzidine 
sulfate precipitate prepared from the methionine S were measured on a 
Geiger-Miiller counter with a thin mica end window. Suitable corrections 
were applied for decay and for self-absorption within the samples. 

The pL-methionine-S* was prepared by synthesis as described elsewhere 
(7). 

The protein content of the liver has been calculated from the total liver 
nitrogen, determined by the micro-Kjeldahl method, assuming 16 per cent 
N in the protein. 


Results 


Each datum represents the average of the incorporation value found for 
the protein of slices from four separate flasks, each group of flasks contain- 
ing the mixed liver from three animals. The errors in the determinations 
were of the same order as those previously encountered (3). 

Expression of Results—The first datum derived from an incorporation 
measurement is expressed in the form of a specific activity (S. A.); 7.e., as 
counts per minute taken up per micromole of methionine in the liver protein 
(Table II). Since the recovery of the methionine § in the procedure was 
not always complete and the per cent protein in the livers of the several 
groups of animals also differed, in order to compare the different groups 
calculations involving various assumptions have been made. These are as 
follows: (a) The specific activity of the methionine in the cells (7.e., at 
the site of synthesis) is the same in all groups and is the same as that of the 
methionine-S* added.?_ (b) The incorporation is due to new protein syn- 
thesis and is not due to adsorption, an exchange reaction, or any reaction 


* This assumption is reasonable because the value found by Solomon and cowork- 
ers (8) for the free methionine in the liver tissue of rats was 69 y per gm. or 0.035 mg. 
for the 0.5 gm. of tissue used per flask. Lower values are given by other workers (9, 
10). Sinee 1 mg. of methionine was added, the amount or/ginally present was negli- 
gible. Whether the amount ultimately formed was negligible is not known. 
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of similar type’:* (c) The “‘normal’’ wet liver contains 23 per cent protein.® 
By “normal” wet liver is meant the liver tissue from the normal control 
animals subsisting on the stock diet and not subjected to any fast. (d) The 
protein synthesized contains the same per cent methionine as the total nor- 
mal liver protein. 

It may be noted that if assumptions (a), (c), and (d) are incorrect, only 
the absolute values will be improperly estimated. Valid comparisons may 
be made between data. If (b) is incorrect, then the figures represent only 
relative incorporation expressed on different bases. The validity of com- 
parisons will be questionable. 

If the activity of the methionine used is 2.5 X 10° ¢.p.m. per mg., the 
per cent protein in the liver is P where the normal value of P is 23, the body 
and liver weights are W’ and L, respectively, 149 is the gm. molecular 
weight of methionine, and 12 is the factor to convert from a 2 hour incu- 
bation to a 24 hour basis, the protein synthesized per gm. of liver per day 
(PUL, 7.e. protein per unit of liver) may be calculated from the relation- 
ship 

S.A. xX 12x 10X P 


P 


where 8. A. is the specific activity of the protein, 7.e., counts per minute per 
micromole of protein methionine. The mg. of new protein synthesized per 
100 gm. of rat per day (PUR) then becomes 


PUR = PUL X L X 100/W’ 


3 If net synthesis actually occurs, then the necessary amino acids must be pro- 
vided, and assuming, for example, that the protein synthesized contains 2 per cent 
histidine and 7 per cent each of leucine and lysine (11), then 0.005 and 0.018 mg. of 
these amino acids would be required to support the normal synthetic rate of the fed 
animal’s liver (12.1 mg. per day per gm. of liver). In the 0.5 gm. of liver used the 
amounts of free histidine, leucine, and lysine are of the order of 0.04, 0.05, and 0.05 
mg. respectively (8-10). Presumably, therefore, there is enough amino acid present 
to support a rate of synthesis considerably greater than that observed, and no doubt 
more amino acid is formed during the incubation period owing to the breakdown of 
preformed protein. 

4 This is manifestly not true when some systems are employed such as the lysine- 
incorporating system of Borsook and coworkers (12) and the cystine-incorporating 
system of Melchior and Tarver (1). 

5 Due to the method of determination this value may be overestimated. 

®° The derivation of this relationship is as follows: S. A./(2.5 & 10° K 0.149) = mg. 
of methionine incorporated per mg. of methionine in the protein synthesized, I. 
This is equivalent to the mg. of new protein synthesized per mg. of protein in the 
liver slices on the basis of the assumptions made, 7.e. (a) to (d) above. Then the mg. 
of protein synthesized per day per gm. of slice protein becomes I & 12 X 10%, and the 
synthesis per gm. of liver containing P per cent protein is I X 12 & 108 & P/100 or 
S. A. X 0.822 * P/100 (PUL). 
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The body weight changes and liver weights, together with the per cent 
protein in the livers of the animals in the several states, are presented in 
Table I. The animals on the Diet PF were losing weight rather rapidly, 
those on Diet 15 almost maintained their weight, whereas those on Diet 
45 were gaining weight. The animals on Diet S were also gaining, at a 


TABLE I 


Effect of Diet and Fasting on Body Weight, Liver Weight, and Per Cent of Protein in 
Livers of Rats 


Body weight* | Liver 


Group treatment | 
Liver Liver protein) Liver weight weight per 
Diett Fed Fasted | WorW" AW | 
days days gm. gm. gm. per cent gm. gm. 
PF 3 0 231 | -16 | 8.75 17.4 4.07 3.79 
5 0 | | 17.0 4.07 | 3.7 
7 0 262 | —30 | 8.80 15.9 3.80 | 3.36 
7 1 22 | —42 6.45 20.1 2.93 2.46 
7 4 234 | —57 5.70 22.9 3.22 2.44 
15 7 0 282 —2 | 8.90 19.7 3.14 3.12 
7 1 294 —4 | 8.55 22.5 2.95 2.91 
7 4 253 | —13 6.80 21.9 2.83 2.69 
45 7 0 253 | +28 | 11.0 22.7 3.91 4.35 
7 1 25 | +18 | 8.50 | 23.3 | 3.12 | 3.33 
7 4 250 —18 7.05 22.8 | 3.04 2.82 
S 0 181 | 7.30 22.6 | 4.03 4.03 
1 194 — 23 6.10 23.2 3.57 3.15 
2 196 | —31 | 5.80 23.0 | 3.52 | 2.96 
3 175 —17 | 5.85 22.4 | 3.70 3.34 
4 173 | -27 | 5.65 | 22.9 | 3.87 3.27 


* W is the initial body weight, 7.e. the weight at the start of dietary treatment, ex- 
cept for the animals originally on a stock diet, for which W” is the weight at the 
beginning of the fast; therefore gains in weight prior to fasting may be concealed in 
the figure representing the change in weight for all groups but the last one. W’ is 
the weight at the time of sacrifice; AW = W’ — Wor W’ — W” (group on Diet 8). 

t See foot-note 1. 


rate which was not measured. The effect of the dietary treatment may 
also be seen in the differences in the weights and per cent protein in the 
livers from animals in the several groups. It is of interest to observe that 
when the animals on Diet PF were fasted, there was an increase in the per 
cent protein in the liver along with a decrease in size of the organ. Pre- 
sumably there was a loss of carbohydrate (and fat). The loss of weight by 


livers from the animals in the other three main groups is quite large, but 
there is less change to be observed in the protein content, although those 
on Diet 15 had a rather low per cent protein. 
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The values of the synthetic rates are reported in Table II. Note that 
three different weights for the rats are employed: the weights at onset (W), 
the weights at sacrifice (W’), and weights taken at the start of the fast 
(W”). 


TABLE II 


Rate of Incorporation of Methionine-S* into Liver Protein of Rats in Different States 
of Nutrition* 


! Absolute rates | Relative ratesT 
| | | me _ | Per 100 gm. Per 100 em. 
| | PULt | PUR$ Per gm. 
5 Oo | 10.4 42.4 | 86 87 79 
oe 0 7.1 2.7 | 6&8 55 48 
ae 1 12.1 35.5 | 100 73 61 
| 7 | 4 | 8.0 25.6 66 53 40 
| | | | 
36.65 97 75 74 
19.3 56.1 | 160 115 113 
ee eae 12. 34.8 106 71 68 
45 7 0 13.2 57.6 109 118 131 
7 1 11.1 37.0 92 7 81 
7 4 9.9 28.0 82 57 53 
| 48.8 100 100 100 
36.7 97 75 66 
ew 29.8 83 61 51 
| 9.0 30.1 56 
4 7.8 25.6 64 52 44 


* For definition of W, W’, and W”, see Table I. 

+ Rates for animals on the stock diet and not fasted, taken as 100. 

{PUL = 38. A. X 0.322 * P/100, where P is the per cent protein in the liver. 
§$ PUR = PUL X L/W’, where W’ is in 100’s of gm. (see { foot-note). 

| Calculated from the column headed “PUR.” 

{ Same as preceding column, but values for W or W” substituted for W’. 


DISCUSSION 


The discussion is based on the assumption that incorporation results 
from net protein synthesis.*: 4 There appears to be some justification for 
making this assumption because the rate of albumin synthesis in vitro by 
slices of chicken liver (13) is of approximately the same magnitude as the 
values calculated from the turnover of plasma protein of rats (14) and of 
plasma protein synthesis observed with the perfused liver from the rat 
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(15). The actual rate of net synthesis of albumin by chicken liver slices 
amounted to 0.12 mg. of albumin per gm. of chicken liver per hour (13). 

More recently, it has been shown by Ulrich, Tarver, and Li (16) that 
the rate of replacement of albumin in the normal rat is 147 mg. per 100 gm. 
of rat per day for rats weighing 233 gm. and maintained on a stock diet 
which differed in composition from the one used in the present experiments. 
If it is assumed that these rats had an average liver weight of 4.0 gm. per 
100 gm., the data may be interpreted as representing a rate of albumin 
synthesis of 1.5 mg. per hour per gm. of liver. 

In the present experiments the normal livers incorporated an amount of 
methionine equivalent to a calculated synthetic rate of 0.50 mg. (12.1/24) 
of protein per gm. of liver per hour. Thus the in vitro rate for total pro- 
tein is apparently less than the zn vivo rate for albumin alone. This may 
in part be explained on the basis of the inefficiency of the zn vitro method, 
which arises from many factors that need not be enumerated here. The 
significant point, however, rests in the mere fact that the one is so much 
less than the other, which means either that there is no observed exchange 
phenomenon in connection with the incorporation of methionine into pro- 
tein in vitro or that there is great exchange in vivo. It appears that the 
synthesis of protein must occur de novo, if other amino acids behave as 
methionine does. No doubt methionine is incorporated into many other 
proteins besides albumin in the in vitro experiments. 

Effect of Diet and of Fasting on Synthetic Ability of Liver (PUL)—Table 
II contains data which show that change in the protein content of the diet 
results in a significant change in the ability of unit weight of liver to syn- 
thesize protein. Of course, there may or may not be a direct causal re- 
lationship between these two phenomena. Increasing the protein content 
of the diet enhances the ability of the liver to synthesize protein. Fast- 
ing likewise has a marked effect on the synthetic rates. The first effect, 
that after 1 day of fasting, is an apparent stimulation of synthesis when the 
animals were originally on Diet PF or Diet 15. This may be due to the 
catabolism of fat and carbohydrate stores in these livers. When the pro- 
tein content of the diet was originally high, as on Diet 45 or 8, fasting for 
either 1 or 4 days had the same effect; the rate of synthesis decreased. 
Evidently protein concerned with the synthesis of this component was ca- 
tabolized. 

The relationships between cytoplasmic protein and particulate fractions 
in the liver cell change as a result of fasting, and in this connection it is of 
interest to note that Seifter and coworkers (17) found that the most severe 
effect of fasting is to be noted in mitochondria (M,) and microsomal (Mz) 
fractions of liver homogenates from rats. After a severe fast the nitrogen 
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levels in the M, and Mz fractions were reduced to 58 and 66 per cent of 
their initial values, whereas the loss from the nuclear and cytoplasmic 
fractions was such as to reduce these a little, to 96 and 79 per cent of their 
initial values. The importance of the correlation between the preponderant 
reduction in the M, and Mb, fractions and the reduction in synthetic rate 
is clear, because Siekevitz (18) has shown that both these fractions are 
involved in the incorporation reaction, the first presumably in the genera- 
tion of transferable bond energy and the second in the incorporation per se. 
Furthermore, the importance of the M,; and Mz fractions is indicated by 
incorporation studies carried out on intact animals (19-21). 

Effect of Diet Considered from Point of View of Whole Animal (PUR)— 
From Table II, it may be seen that when the rats (livers) which have not 
been subjected to fasting are compared, there is a very significant differ- 
ence between the rates of synthesis in animals maintained on Diet PF and 
those on Diet 45. On changing from Diet PF to Diet 45, there is also a 
noteworthy change from a relative rate of 55 to one of 75 per cent of the 
normal. It is of interest to compare these findings with the corresponding 
ones made on rates of replacement of total plasma protein in intact animals 
on diets differing in protein content (14). On Diet PF rates of replace- 
ment of 40 and 120 mg. per 100 gm. of rat per day were observed, whereas 
on Diet 65 the rate was 245 or, if the rate on Diet PF is taken as 80, the 
relative rate was 3-fold higher on the diet containing protein. Thus it 
appears that the rate of replacement of the plasma protein is greater than 
the observed liver synthesis in vitro, and that increasing the protein con- 
tent of the diet has an effect on the rate of synthesis of plasma protein in the 
intact animal similar to that on the synthesis of total liver protein in vitro. 

However, it is not clear whether the effect of increasing the protein con- 
tent of the diet has a greater effect in vivo than in vitro, since in the first 
case the diet contained 65 and in the second 45 per cent casein. Jn vitro 
there is a difference of 2-fold between the animals on Diet PF and the nor- 
mal rats. If thisis considered to differ significantly from the 3-fold differ- 
ence observed in vivo, then there may have been a relative deficiency of 
amino acid precursors in the slices due to catabolism of the precursors.* 

Effect of Fasting Considered from Point of View of Whole Animal (PU R)— 
Fasting increased the rate when the previous diet was of low protein con- 
tent. This may be readily explained as indicated in the preceding discus- 
sion. The synthetic rate changes are in the same direction per unit liver 
or per unit rat. After a 4 day fast the difference in the livers of the animals 
must be less because the protein content is about the same and stores of 
carbohydrate and fat are depleted, although the relative rates for those 
rats on a 15 per cent casein diet and fasted appear to be anomalous. Other 
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differences among the groups may be attributed to the more severe loss of 
weight sustained by the livers relative to the total body. 


SUMMARY 


1. The effect of changing the protein content of the diet, either direct 
or indirect, on the ability of slices from the livers of rats to incorporate la- 
beled methionine (synthesize protein) is very significant, the highest rate of 
incorporation being that on a 45 per cent casein diet and the lowest on a 
protein-free diet. The rate on the high protein diet is twice that on the 
protein-free diet. 

2. On the basis of the incorporation observed either per unit weight. of 
animal at the time of sacrifice or per unit weight of liver, the effect of fast- 
ing on the rat previously on a low protein or protein-free diet is to increase 
the rate (after 1 day). In contrast, the fasting of rats previously fed a 
diet of higher protein content results in a reduction in the rate. After 4 
days of fasting, whatever the previous diet, the incorporation rate is seri- 
ously reduced from the level observed in the fed animal. 

3. The relationships between these observations and the replacement 
rates observed for plasma protein and for albumin in vivo are discussed. 
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CALCIFICATION 


XIII. THE INFLUENCE OF CALCIUM, PHOSPHORUS, AND VITAMIN D 
ON THE REMOVAL OF LEAD FROM BLOOD AND BONE* 


By ALBERT EDWARD SOBEL ann MARTIN BURGER 


(From the Department of Biochemistry, The Jewish Hospital of Brooklyn, 
Brooklyn, New York) 


(Received for publication, April 12, 1954) 


In previous studies from this laboratory (1-4) it has been shown that 
vitamin D exerts a marked effect on lead concentrations in the bone and 
blood of young rats fed a lead-containing diet. The bone ash of groups 
fed vitamin D contained a higher percentage of lead regardless of the 
relation of calcium and phosphorus in the diet. The blood lead was also 
higher in the animals fed vitamin D. In addition, the influence of Ca: P 
ratios was manifest: the higher the Ca:P ratio the higher the level of 
blood lead. 

After exposure to lead, rats retain most of the metal in their skeletons, 
from which it is gradually released into the blood. ‘The present investi- 
gation was concerned with the influence of calcium, phosphorus, and vita- 
min D on lead in the blood and bones of animals which had been trans- 
ferred from lead-containing to lead-free diets. 


EXPERIMENTAL 


Albino rats of similar heredity, raised in this laboratory from an original 
Wistar strain, were placed at the age of 23 to 25 days on the stock diet of 
Bills et al. (5), to which had been added 0.8 per cent lead as basic lead 
carbonate. After 29 days on the diet, the animals were divided into three 
groups and placed on appropriate lead-free diets of the composition indi- 
cated in Table I. One-half of each group received daily, in addition, 0.1 
ec. of a solution of viosterol in maize oil, administered orally from a pipette 
(0.1 ee. = 100 i.u. of vitamin D). The animals were kept on the lead- 
free diets for 18 days and then sacrificed. 

Blood was obtained either by heart puncture or by severing the carotid 
artery. To avoid contamination of blood samples by lead in the fur, the 


* These studies were presented in part before the American Society of Biological 
Chemists at Chicago, April 15-19, 1941 (1). 

These studies were supported by a contract between the Office of Naval Research, 
Department of th Navy, and The Jewish Hospital of Brooklyn, NONR 98701, and 
by the National Institute of Dental Research of the National Institutes of Health, 
United States Public Health Service. 
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fur was cut away before blood was drawn. The lead determination was 
performed on the pooled whole blood of two or three animals, and the 
values reported are the mean results of at least six such pooled samples. 
Calcium and inorganic phosphorus (phosphate) were determined on the 
pooled sera of several animals in each of the groups. 


TABLE 
Composition of Experimental Diets 


Diet . | Constituents | Ca P 
| parts cent per cent 
A. Low Ca-low P (basal diet) © Yellow corn-meal = 70 0.4 0.262 
Wheat gluten 
_ Brewers’ yeast 10 
NaCl 1 
| CaCO; 0.925 
B. High Ca-low P | Basal diet | 98 1.4 0.255 
CaCO; | 2.5 
C. High P-low Ca - Basal diet | 97.25 | 0.4 1.06 
3.44 | | 


| Naol PO, 


Tasie IT 
Influence of Vitamin D Plus Low Calcium-Low Phosphorus Diet (Mean Values) 


| Serum : | Analysis of dried fat-free femora 
weight | lead | Pb per 
| Ca x P | Pb in bone | Ash 
mg. meg. ‘mg. per | / 
gm. per | per vo. : ¥ per cent percent per cent 


| 
No vitamin D (11 atierseys 7.8 | 5.5 | 42.9 | 0.16 | 260.7 | 0.197 | 45.3 | 0.420 


rats) | | | 
100 i.u. vitamin D +48.7 9.2.) 7.0 | 64.4.) 0.12 | 287.0 | 0.177 50.1 | 0.342 


daily (10 rats) ) | 


0.2) 0.24 | 10-3 0.04 


*P = probability that the difference between two means is due to chance. 


The bone analyses were carried out on the excised femora, which were 
freed of adhering tissue, extracted with alcohol and ether, and dried at 
105° for 24 hours. Bone ash was determined on the defatted bones by 
heating to constant weight in an electric muffle furnace at 500—600°. 

Lead was determined in the blood and ashed bones by the method of 
Wilkins et al. (6), serum calcium by the method of Sobel and Sklersky 
(7), and serum inorganic phosphorus by the method of Fiske and Sub- 
barow (8). 
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The mean results of the analyses for lead and ash were evaluated by the 
statistical methods of Fisher (9) as applied to small samples. P, the prob- 


TABLE III 


Influence of Vitamin D Plus High Calcitum-Low Phosphorus Diet (Mean Values) 


Serum ae Analysis of dried fat-free femora 
Change in - — — 
| Pb in b Pb per 
a | a j in bone AS unit ash 
! gm mg. per : r | mg. per | y | per cent ! per cent | per cent 
cent | | 
| 


No vitamin D (11 430.9 9.2 3.4 31.3) 1.07 226.6 0.182 35.3 | 0.515 
| | | | | | 


rats) | | | | | 
100 i.u. vitamin D +40.8 10.5) 6.2) 65.1 0.25 308.9 0.179 | 0.358 


daily (8 rats) | 


| | 10-* 0.03 0.90 10-8 0.04 


*P = probability that the difference between two means is due to chance. 


TaBLe IV 
Influence of Vitamin D Plus High Phosphorus-Low Calcium Diet 


| Serum — | Analysis of dried fat-free femora 
Change in — - 
| | Go P | Pb in bone | 
| | 
mg. | mg. | | | 
gm. per | per | — “' Y | per cent per cent! per cent 
cent | cent | | | | 
No vitamin D (12) | +27.2 | 5.6 8.6 | 48.2 | 0.12 280.8 0.185 48.7 0.380 
rats) | | | | 


72.4 0.10 319.4. 0.178 53.0 | 0.335 


100 iu. vitamin D | +44.8 7.7) 9.4 
daily (12 rats) 


0.76 0.138 0.68 0.12 


*P = probability that the difference between two means is due to chance. 


ability that the difference between two means is due to chance, was ob- 


tained from Fisher’s tables. 
The results are summarized in Tables II to V. 


RESULTS AND DISCUSSION 
As may be seen in Tables IT to V, at least three dietary factors, calcium, 
phosphorus, and vitamin D, must be considered in the deleading process 
to understand the biochemical behavior of lead. During lead intake, the 
main source of blood lead is the diet. After dietary lead exposure has 


e 
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ceased, however, blood lead is derived from the bone stores. Thus, in 
these experiments, blood lead levels are governed by an “equilibrium” with 
bone lead. 

The data indicate that the lead concentration in blood is in an inverse 
direction to that of serum phosphate. To the degree that vitamin D in- 
creased serum phosphate it depressed blood lead and appeared to prevent 
the loss of lead from bone. When serum phosphate was lowest, bone 
lead was lowest and whole blood lead was highest, as found in animals on 
the high calcium-low phosphorus diet in the absence of vitamin D. These 
findings are in harmony with physicochemical concepts based on the solu- 
bility of lead phosphate. In the presence of low phosphate higher con- 


TABLE V 


Influence of Calcium, Phosphorus, and Vitamin D on Absolute Weight of Lead 
and Ash in Whole Femora (Mean Values) 


P values* 
: 
Diet Lead Ash | Diet B | Diet C 


Ash Pb = Ash | Pb | Ash 


A 260.7 | 62.1 0.2 0.02 0.2 | 0.02 0.1 
‘+ vitamin D | 287.0 83.9 | | 0.4 | | 

B 226.6 | | 0.03 0.05 0.01 
“4 vitamin D 308.9 86.3. 0.4.0.7 0.03 10-7 | | 

C | 280.8 | 0.01 


“+ vitamin D 319.4 95.5 0.2 


*P = probability that the difference between two means is due to chance. 


centrations of lead can exist in the blood, with a correspondingly more 
rapid movement of lead from the bone into the blood. Vitamin D caused 
a rise in the serum Ca X P product in all three dietary groups, with a 
corresponding increase of bone ash, which is an indirect measure of calcium 
and phosphate deposition. These findings are also in harmony with the 
solubility product principle. The rise in the Ca X P product of serum is 
probably due to increased absorption from the diet. 

Vitamin D caused a rise in blood lead in previous experiments in which 
studies were carried out in the presence of lead in the diet. It appears 
that vitamin D, when lead is present in the diet, is responsible for a rise 
in the Pb X P product in the blood, just as it causes a rise in the Ca & P 
product. In the absence of lead in the diet, to the degree that it caused 
an inerease in serum phosphate, vitamin ID depressed the blood lead. 
Since the severity of lead poisoning is associated with high concentrations 
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of circulating lead, these studies would imply that during lead exposure 
vitamin D is undesirable, but after lead exposure has ceased the anti- 
rachitic vitamin may prove beneficial. Since the lowest lead levels in 
whole blood are obtained in the high phosphorus-low calcium group, it is 
implied that this diet containing vitamin D might be ideal in controlling 
acute lead poisoning. This observation resembles that made by Kowaloff 
(10), who reported that the addition of inorganic phosphate to the diet of 
a young child suffering from lead poisoning depressed the lead of the whole 
blood. Moreover, Kowaloff postulated that a reciprocal relationship ex- 
isted between whole blood lead and serum phosphorus. 

On the high calcium-low phosphorus diet the removal of lead was great- 
est, indicating that these are conditions for deleading. However, during 
such a process the blood lead may rise to a dangerously high level. In 
human studies we found that after the intravenous injection of calcium 
gluconate there is a rise in blood lead. This principle is utilized in our 
hospital to detect the existence of high lead stores. This is done by placing 
the patient on a high calcium-low phosphorus diet and subsequently de- 
termining blood lead. 


SUMMARY 


1. In rats with experimental lead poisoning a high calcitum-low phospho- 
rus diet produced the most rapid loss of lead from the skeleton, accom- 
panied by the highest blood lead level. A high phosphorus-low caleium 
diet produced the slowest loss of lead and the lowest blood lead level. 

2. The addition of vitamin D to the diets produced (a) a decrease in 
blood lead, (b) decreased loss of bone lead, (c) a rise in the serum Ca X P 
product, (d) an increase in the per cent of ash in bone, and (e) an increase 
in weight of all the animals. 

3. Vitamin D during lead administration enhances lead absorption, caus- 
ing a rise in blood lead. After lead administration has ceased, however, 
the antirachitic vitamin, to the degree that it causes a rise in serum phos- 
phate, depresses blood lead. The high calcium-low phosphorus diet, by 
decreasing serum phosphate, causes a concomitant rise in blood lead at the 
expense of bone lead. On the other hand, in the high phosphorus-low 
calcium diet the resulting rise in serum phosphate is paralleled by a low 
blood lead level and decreased loss of bone lead. 

4. High blood lead is accompanied by low serum phosphorus and vice 
versa, but there is no simple reciprocal relationship. 


The authors are indebted to Dr. Joseph Samachson and Miss Penni Ann 
Laurence for their assistance in the preparation of this manuscript. 
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SEROTONIN AND ITS METHYLATED DERIVATIVES IN 
HUMAN URINE* 


By F. MERLIN BUMPUS ano IRVINE H. PAGE 
tue TreEcHNICAL ASSISTANCE OF HARLENE BAILEY 


(From the Research Division of the Cleveland Clinic Foundation and the Frank E. Bunts 
Educational Institute, Cleveland, Ohio) 


(Received for publication, July 6, 1954) 


Substances with pharmacological properties similar to those of serotonin 
(5-hydroxytryptamine) have been found in human and dog urine and in 
rat, rabbit, and dog brain by Twarog and Page (1). Eluates of chromato- 
grams of urine showed greatest activity from areas having the same PR, 
value as serotonin. Since then, these eluates have been rechromatographed 
and other positive indole spots have appeared, which suggest the presence 
of methylated derivatives of serotonin. These are now characterized ten- 
tatively as N-methylserotonin and bufotenine. 


Methods 
Preparation of Urine Extracts 


24 hour samples ef urine from healthy adults were collected in 10 ml. 
portions of 6 N HCl and the HCl concentration was adjusted to approxi- 
mately 0.05 N at the end of the collection period. After concentration 
under reduced pressure at 40-50° to one-tenth the original volume, the 
samples were incubated with urease! (approximately 50 gm. of urease per 
liter of original urine) for 2 to 4+ hours at 46°, the pH being maintained at 
5.0 to 6.5. 10 volumes of acetone were added at the end of the incubation 
and the samples stored for 24 to 48 hours at 7°. After filtration, the ace- 
tone extract was evaporated to approximately one-fiftieth the original 
urine volume; acetone precipitation was then repeated. After removal of 
acetone by evaporation, the solution was adjusted to pH 5.0, and methanol 
was added to a concentration of 30 per cent. This solution was mixed, 
small portions at a time, in a mortar with 20 volumes of acetone; a yellow 
precipitate and a light amber filtrate resulted. After storage for 24 hours 
at —15°, the filtrate was decanted through glass wool, concentrated in 
vacuo (40-50°) to 1/200 the original urine volume, and subsequently frac- 
tionated on aluminum oxide columns. 


* This study was supported in part by a grant from the National Heart Institute, 
United States Public Health Service. 
125 mg. tablets obtained from Hynson, Westcott and Dunning, Inc., Baltimore, 
Maryland. 
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Preparation of Aluminum Oxide Columns 


Reagent aluminum oxide (Merck) suitable for chromatographic ad- 
sorption was used for all columns. Benzene was drawn into a 2.3 cm. X 


80 cm. tube with a sintered glass disk at the bottom. A 1 cm. layer of o 
absorbent cotton on the disk was covered with a 1 cm. layer of acid-washed id : 
reagent grade sea sand poured in as a slurry in benzene. A 21 cm. column oi 
of aluminum oxide was layered on top of the sand by the addition of a slurry oa 


of aluminum oxide in benzene during tapping of the outside of the column 
to facilitate even packing of the adsorbent. Another 1 em. layer of sand Kj 
and a 1 cm. layer of absorbent cotton were then added to the top of the ; 
column. The column, always covered with solvent, was washed with ben- 
zene diluted with increasing quantities of methanol until a final washing 
with 100 ml. of absolute methanol. 


Paper Chromatography 


Ascending unidimensional paper chromatograms on Whatman No. 1 
filter paper were run for 18 hours at 23° in butanol saturated with 14 per 
cent ammonium hydroxide. <A 2 per cent solution of p-dimethylamino- 
benzaldehyde in 1.2 n HCl was used as the color-developing reagent to 
produce the “indole spots.” 


Bioassays I 

Pharmacological assays were done by the method of Twarog and Page st 
(1), as suggested by Welsh and Taub (2), with the heart of Venus mercen- pou: 
aria. 

Samples of N-methylserotonin creatinine sulfate and bufotenine (N ,N- A 
dimethylserotonin) creatinine sulfate (monohydrate) were supplied by Dr. mer 
Merrill E. Speeter of The Upjohn Company. The Venus heart was 5- to as § 
10-fold more sensitive to bufotenine and twice as sensitive to the N-methyl vea 
derivative as to serotonin itself. Earlier, the Venus heart had been found tent 
(1) to be 20 to 100 times less responsive to cinobufotenine than to serotonin. the 
At that time, cinobufotenine was mistakenly believed to be bufotenine; teni 
however, chromatography of synthetic bufotenine and cinobufotenine has the 
subsequently shown them to be different. Erspamer (personal communi- cur! 
cation) showed that cinobufotenine is, in fact, bufotenidine, the quaternary urin 
form of bufotenine. SeVE 

Comparison of the pressor effects of equimolar solutions (10-*) of sero- the 
tonin, V-methylserotonin, and bufotenine on the arterial pressure of dogs 
anesthetized with pentobarbital showed serotonin to be the most active, 
N-methylserotonin less active, and bufotenine least active, an order of U 
activity just the reverse of that observed with the clam heart. colu 
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Separation of Serotonin, N-Methylserotonin, and Bufotenine 
on Alumina Columns 


5 ml. of a 90 per cent methanol solution containing 866 y of bufotenine 
creatinine sulfate, 640 y of N-methylserotonin creatinine sulfate, and 810 
y of serotonin creatinine sulfate (Abbott) were pipetted onto an aluminum 
oxide column. The adsorbates were then eluted with methanol diluted 
with increasing amounts of water as follows: 95 ml. of absolute methanol, 
100 ml. of 80 per cent methanol, 100 ml. of 60 per cent methanol, 25 ml. of 
40 per cent methanol, 25 ml. of 20 per cent methanol, and 50 ml. of water. 
Eighty fractions of 5 ml. each were collected. 


AX Gm 2 
160- 
120- 
80- 
40- 
15 30 45 60 75 
TUBE NO. 


Fic. 1. Aluminum oxide chromatography of bufotenine, N-methylserotonin, and 
serotonin. Peak 1 assayed against bufotenine, Peak 2 against N-methylserotonin, 
and Peak 3 against serotonin and plotted as micrograms of the corresponding com- 
pound, 


After removal of the methanol at reduced pressure (50°), assays (V. 
mercenaria) of the fractions revealed three peaks of serotonin-like activity 
as shown in Fig. 1. Paper chromatography of Tube 19, from Peak 1, re- 
vealed a positive indole spot with the same Ry as bufotenine. The con- 
tents of Tube 37 from Peak 2 showed two positive indole spots, one with 
the Rr of N-methylserotonin and a second, fainter spot with the Fr of bufo- 
tenine. Tube 65 from Peak 3 produced an indole-positive reaction at 
the same Fy as that of serotonin. Thus, though some overlapping oc- 
curred, separation into three peaks warranted use of this method on the 
urine samples. That some bufotenine occurred in Peak 2 and that this is 
several times as active on Venus heart as N-methylserotonin account for 
the apparent 150 per cent recovery. 


Fractionation of Urine on Aluminum Oxide Columns 


Urine extracts prepared as described were added to aluminum oxide 
columns in 5 ml. portions of methanol solution and were eluted in the same 
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manner as the serotonin and methylated derivatives. Bioassay revealed | = ™# 
three peaks of activity which corresponded to those of bufotenine, N-meth- t] 
viserotonin, and serotonin. A 24 hour specimen from another person di 
showed less activity in the first two peaks and none in the third peak, al- | 
though there was a shoulder of activity extending from the second peak to m 
Tube 60. 
TABLE I ch 
Paper Chromatograms of Eluates from Aluminum Oxide Column a 
Indole spots on rechromatography i bi 
Peak No. Eluate, Ist paper | Bufotenidine, | 
column) chromatogram 40.1 Un- Serotonin Y-Methyl- Bufo- 
identified | 0.55-0.64" | 
0.08-0.10 | | an 
1, B | 0.17-0.32 0.49 0.78 | in 
1,C | 0.32-0.46 0.55 | 0.65 0.75 
1,D 0).46-0.58 | 0.6 0.74 co 
1,K | 0). 58-0.67 0.69 | 0.78 | 0.85 
1,F | 0.67-0.87 0.15 | 0.62 | O81 O91 
1G 0.87—1.0 
2, A 0 | | an 
2,3 0.16-0.3) | 0.41 
0.41-0.00 | 0.14 0.46 | | 
0.85-1.0 | o.so th 
3, A | alu 
3, B | snc 
3, C | 
3, D 
| | | | 0.77 | be 
3, F | | 0.31 | | the 
| | 0.42 | 0.55 | 0.76 | | 
3,G | | 0.55 | 0.76 
To obtain enough material for paper chromatography, four 24 hour sam- | anc 
ples of urine were pooled from four subjects and extracted as described. I 
After chromatography on an aluminum oxide column, three definite peaks act 
of activity were found. The third, however, reached a maximum in the nea 
tenth tube preceding that which, from the data in Fig. 1, would have con- | it ¥ 
tained the peak of serotonin activity. I 
The active fractions in each peak were combined and treated as follows: of | 
Peak 1, Tubes 11 to 32 were combined and concentrated to 6.5 ml. 5 ml. alu: 
of the supernatant fluid were stirred in a mortar with 350 ml. of acetone, (R, 
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small portions at a time. This method of extraction was necessary because 
the addition of acetone produced a brown, tarry precipitate which was 
difficult to extract. After 48 hours at —15°, the supernatant fluid was 
decanted and evaporated to 2 ml. ‘The solution was streaked on What- 
man No. 3 filter paper and chromatographed in the butanol-ammonia sol- 
vent system. After drying, the chromatogram was cut into seven strips 
and eluted with water. Each of the eluates was saturated with sodium 
chloride, adjusted to pH 2.0 to 2.5, and extracted three times with equal 
volumes of butanol. Petroleum ether (b.p. 38—42°), equal in volume to the 
butanol, and 0.1 ml. of 0.1 Nn HCl were added to each butanol extract. The 
aqueous layer was again chromatographed in the butanol-ammonia sys- 
tem; the indole derivatives were identified by treatment with p-dimethyl- 
aminobenzaldehyde in 1.2 N HCl. Peak 2, Tubes 33 to 47 were combined 
and concentrated to 1.8 ml. A butanol extract of this solution, saturated 
with sodium chloride, pH 2.0 to 2.5, was extracted into HCl as were the 
eluates from Peak 1. This aqueous phase was chromatographed and eluted 
in six fractions. ‘These eluates were then rechromatographed and the 
color was developed as before. Peak 3, ‘Tubes 48 to 80 were combined and 
concentrated to 1 ml. The solution was chromatographed, eluted in seven 
fractions, and rechromatographed for indole derivatives. 

The I?» values of all the areas which gave a blue color with p-dimethyl- 
aminobenzaldehyde reagent are given in Table I. 


DISCUSSION 


The serotonin-like activity of normal human urine depends upon more 
than one material. Paper chromatograms of the active peak from the 
aluminum oxide column corresponding to bufotenine show positive indole 
spots with Ry values similar to those of serotonin, N-methylserotonin, 
and bufotenine. The appearance of all three compounds in one peak may 
be due to the fact that the extracts were added in aqueous methanol rather 
than absolute methanol solution. The second active peak, corresponding 
to the N-methylserotonin, also gave positive indole spots with R» values 
similar to those of bufotenine and N-methylserotonin. The third peak of 
activity gave positive indole reactions which corresponded to serotonin 
and N-methylserotonin. 

It should be pointed out that tryptamine could account for some of the 
activity. It gives a positive indole spot and has on paper an Ry value 
nearly the same as that of bufotenine in this solvent system. However, 
it Was not studied on the aluminum oxide column. 

In addition to those identified above, positive indole spots with the A» 
of bufotenidine were found in urine eluates from Peaks 1 and 2 from the 
aluminum oxide column. These spots could be hydroxyindoleacetic acid 
(Rp 0.08 to 0.10). It has been demonstrated previously (3, 4) that sero- 
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tonin (enteramine) is metabolized to the latter compound. Neither bufo- 
tenidine nor hydroxyindoleacetic acid was run as a standard on the alumi- 
mum oxide column. 

It has been shown previously that the heart of V. mercenaria is at least 
1000 times more sensitive to serotonin than to other known pressor sub- 
stances, such as adrenaline and tyramine (1). Furthermore, we have 
shown in this work that the mono and dimethy] derivatives of serotonin 
are more active by this means of testing than is serotonin itself. The fact 
that the quantities of the active substance in the eluates from the paper 
chromatograms were in the order of micrograms rather than mg. is further 
evidence that the substances are indoles. However, since the quantities 
of the active substances that were isolated were too small for determinations 
of chemical or physical properties other than R,y values, the evidence of 
structure is indicative rather than conclusive. 

The fact that bufotenine, a normal constituent of toad skin, appears in 
the urine of healthy humans emphasizes the wide distribution of indole 
derivatives. Among these, serotonin and bufotenine may bear on cen- 
tral nervous function (1, 5, 6) and disease. Further support for this hy- 
pothesis comes from the isolation (7) of bufotenine from a narcotic snuff 
(cahoba, Piptadenis peregrina) used to facilitate communications with 
“unseen powers”? by participants in Haitian voodoo. This is a far cry 
from the vasoactive properties which originally led to the isolation of serum 
vasoconstrictor (8). 


SUMMARY 


Three peaks of activity as assayed on the heart of Venus mercenaria were 
eluted from aluminum oxide columns when extracts of normal human urine 
were passed through them. The biological activities and relative posi- 
tions of these peaks correspond to those of bufotenine, N-methylserotonin, 
and serotonin (5-hydroxytryptamine). Eluates from paper chromato- 
grams of the peaks from the aluminum oxide column when rechromato- 
graphed revealed spots with Ry values corresponding to those of bufotenine, 
N-methylserotonin, serotonin, and unidentified indoles. No further iden- 
tification was practicable. 
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THE VITAMIN By CONTENT OF ELECTROPHORETIC 
FRACTIONS OF LIVER HOMOGENATES* 


By W. R. PITNEY, MARION F. BEARD, anp E. J. VAN LOON 


(From the Section of Hematology, Department of Medicine, University of Louisville 
School of Medicine, and the Medical Research Laboratory, Veterans Adminis- 
tration Hospital, Louisville, Kentucky) 


(Received for publication, July 1, 1954) 


The vitamin By. content of liver tissue is high in comparison with other 
organs. Values averaging about 0.5 y per gm. of wet tissue have been 
reported from various sources (1-4). Normal livers may contain as much 
as 1000 y of vitamin By (5). Experiments with radioactive vitamin By: 
suggest that the liver acts as a reservoir for the vitamin. When radio- 
active vitamin is injected into rats and the organs are later analyzed, 
appreciable radioactivity is found in the liver (6). If radioactive vitamin 
By. 1s given orally to normal human subjects, radioactivity in the region 
of the liver can be demonstrated after a few days (7). 

Mollin and Ross (5) have presented evidence that serum has a greater 
affinity for vitamin Biz than liver tissue, when the body is depleted of the 
vitamin. Patients with pernicious anemia in relapse have seriously 
depleted liver reserves of vitamin By. Yet an injection of the vitamin 
(20 y), too small to change significantly the degree of liver depletion, may 
raise the vitamin By. content in the serum to within the normal range for 
a number of days. Their observations suggest that the mechanism of 
binding of vitamin By in liver may differ from that in serum (8). Experi- 
ments zn vitro which confirm a difference in binding mechanisms are de- 
scribed in this paper. 


Methods 


The technique of microbiological assay for vitamin By in serum with 
Kuglena gracilis has been previously described (9). The vitamin in human 
serum exists as a labile complex with serum proteins and is, in the natural 
state, unavailable to Huglena. When serum is assayed without preliminary 
heating, there is usually very little growth. Growth is much more active 
if the serum proteins are heat-denatured before the vitamin Bis content is 
assayed. The difference between the heated and unheated preparation 
is a measure of the concentration of vitamin By» in the unavailable or 
“bound” form in serum. 


* This investigation was supported in part by a grant from the National Institutes 
of Health, No. A-112 (C2), Bethesda, Maryland. The vitamin Bj» used in this study 
was furnished by E. R. Squibb and Sons, New York. 
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This principle was employed to study the effect of heat upon the availa- 
bility of the vitamin By. in liver tissue to Huglena. In most experiments 
a 10 per cent homogenate (weight per volume) of fresh tissue was obtained 
from previously healthy subjects who had died sudden deaths. Liver 
homogenates were prepared mostly by machine.!. The material was kept 
cold during this process. After homogenization, the suspension was 
centrifuged at 1800 r.p.m. for 7 to 10 minutes, the floating layer of fat 
was removed, and the supernatant fluid was used for the experiments. 

The technique of paper strip electrophoresis, which was employed, was 
similar to that described previously (8). Because of the high concentra- 
tions of vitamin Bye in liver tissue, 0.025 and 0.05 ml. of the supernatant 
solution were routinely applied to each of two paper strips. <A similar 
quantity of human serum was applied to a third strip, so that the migra- 
tion of the proteins in serum could serve as landmarks when analyzing the 
migration of vitamin Bye in the liver preparations. The serum strip and 
one of the liver strips were stained with brom phenol blue to show protein 
migration. 

Definite protein patterns from the liver homogenates were not observed. 
llowever, there was considerable movement of a continuous band of 
stained material toward the anode, and the head of the band lagged only 
slightly behind the albumin fraction on the serum strip when the two were 
compared. There was an appreciable deposition of protein, presumably 
nucleoprotein, at the point of application of the homogenate to the paper. 
There was very little movement of stainable material toward the cathode. 

Routinely, electrophoresis was carried out on Whatman No. 3 MM 
paper, with barbital buffer of 0.1 and 0.05 ionic strengths at pH 8.6. The 
albumin on the serum control strips was allowed to migrate 12 to 18 cm. 
in these experiments. 

The unstained electrophoretic strip of liver homogenate was cut into 1 
em. wide pieces which were then individually analyzed for their content 
of vitamin By by a technique similar to that employed for serum (8). 


Results 


Availability of Liver Vitamin By». to Euglena after Various 
Heating Procedures 
Table | shows the results of assays of twelve liver homogenates for their 
content of vitamin By,» after various heating procedures. Most of the 
assays were carried out at a final dilution of 1:2000 to 1:4000. 
Unlike the behavior of vitamin By» in serum, heating to temperatures 


1 Virtis homogenizer, :. Machlett and Son, New York; Mickle homogenizer, C. A. 
Brinkmann and Company, Great Neck, New York. 
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above 56° is not necessary to make the vitamin By. of the liver homogenate 
available to the microorganism. 


TABLE I 


Assayed Vitamin By, Concentration of Liver Homogenates Subjected to 
Various Heating Treatments 


| | | Clear supernatant 
Homogenate | No heat 56° for 30 min. | 100° for 15 min. fraction after boiling 
| | for 20 min. 
per ml. per ml. | pugm. per ml. pugm. per ml. 
1 | 6,800 | 7,500 6,900 
2 | 11,300 | 11,500 | 17,600 
3 34,100 34,300 | 
4 28 , 500 | 28 ,300 31,600 
5 21,200 | 21,000 17,700 
18,500 17,800 | 13,000 
6 50,400 43 ,600 | 
7 31,200 35,300 49,700 
31,600 28 , 200 34,100 40,000 
9 14,200 13,400 16, 400 
10 26 , 200 25, 600 25,300 18,600 
11 15,600 15,600 19,800 
TaBLe II 


Vitamin By Concentration of Fresh Liver Tissue 


| 


Liver specimen No. | Concentration vitamin Biz, y per gm. wet tissue 

1 0.35 
2 0.11 
3 0.34 
4 0.28 
6 | 0.47 
7 | 0.42 
| 0.31 
0.14 
10 
11 0.16 

Range O0.11-0.47 
Mean...... 0.28 


Total Concentration of Vitamin By. in Liver 


The concentration of vitamin By per gm. of wet liver tissue was calcu- 
lated from the weight per volume composition of the homogenate and the 
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results of the assays. In ten liver specimens, values ranging from 0.11 to 
0.47 y per gm. were obtained. The average was 0.28 y per gm. (Table II). 


Electrophoretic Fractionation of Liver Homogenates 


The unstained paper strip was marked into | em. wide pieces for a 
distance of 3 em. beyond the area which stained with brom phenol blue. 
These pieces were then assayed separately for their content of vitamin 
Bie. In every case, the greatest activity was found in a 1 cm. strip 7 to 9 


Percent 


ANODE 


FROM STR 


oO 


PERCENTAGE RECOVERY OF 


-2 Nal 42 #3 64 45 +6 47 #8 #9 +10 #12 413 
CMS. FROM POINT OF APPLICATION 
Fig. 1. 0.9 per cent saline homogenate. Migration of vitamin B,2 on strip elec- 
trophoresis of liver homogenates. 


em. toward the anode from the point of application. A representative 
result is shown in Fig. 1, in which the amount of vitamin By, (in micro- 
micrograms) recovered from each 1 cm. piece is plotted as percentage of 
the total recovery of vitamin By. from the strip. In this experiment 74 
per cent of the vitamin By, recovered from the strip was found in the area 
7 to 10 cm. from the point of application of the homogenate to the paper, 
whereas the maximal migration of protein was 15 cm. 

In every case the point of greatest vitamin Bi, activity has corresponded 
with the head of the 8-globulin band of the control serum strip. Because 
of variations of the applied voltage in these electrophoresis experiments, 
the proteins have not always migrated the same distance. Likewise, the 
maximal vitamin By activity from the liver strip has varied through a 
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distance of 2 cm., but has always corresponded to the distance traveled by 
the advancing head of the 8-globulin band. 


Percent 
30- 


ANODE 


™ 
oO 


PERCENTAGE RECOVERY B,. FROM STRIP 


+2 43 44 +5 +6 +7 +8 +9 +10 412 413 
CMS. FROM POINT OF APPLICATION 
Fic. 2. Molar saline homogenate. Migration of vitamin B,2 on strip electrophore- 
sis of liver homogenates. 


TABLE III 
Recovery of Vitamin By from Electrophoretic Strips of Liver Homogenates 
Liver homogenate No. Biz | Vitamin Bis recovered from strip 
pugm. 
1 375 295 
2 570 676 
3 1700 1008 
5 422 315 
363 304 
6 1175 924 
7 1062 837 
8 775 703 
9 345 243 
10 1272 747 
11 780 1017 


In some experiments there was a second smaller peak of vitamin Biz 
activity at the point of application of the homogenate to the paper. This 
was usually over a 2 cm. distance and was found mostly in strips in which 
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there was appreciable deposition of stainable material at the point of 
application. The example of this type shown in Fig. 2 was probably due 
to the precipitation of nucleoproteins which, although soluble in molar 
saline, are precipitated by barbital buffer of 0.05 ionic strength. 


Recovery of Vitamin By from Electrophoretic Strips 


The amount of vitamin Bi: in micromicrograms applied to each paper 
strip was calculated from the assayed concentration of the homogenate 
and the volume applied to the paper. Table III shows the amount of 
Biz recovered from all the 1 cm. strips. There is good agreement between 
the amount of vitamin applied to and that recovered from the strip. 


DISCUSSION 


It is evident from the electrophoretic experiments that the vitamin B,, 
in liver tissue exists in some type of combination with protein. The results 
show that the specific protein in liver responsible for the ‘‘binding”’ of 
vitamin By. has an electrophoretic mobility similar to that of serum £- 
globulin. The finding of vitamin By: at other points on the electrophoretic 
strips could be due to irreversible binding of protein to the paper and need 
not invalidate the conclusion that a specific vitamin By. protein complex 
exists in liver. 

The vitamin By: in this complex is more readily available to EF. gracilis 
than is the vitamin By. in serum. The vitamin in liver homogenates 


behaves as free vitamin By in its capacity to stimulate the growth of this | 
microorganism. No appreciable difference was found between the con- — 


centration in homogenates heated before inoculation and those assayed 
without preliminary heating. However, the behavior of free vitamin By 
on electrophoresis is different from that observed in these experiments. 


When 0.05 ml. of a solution of crystalline vitamin By. of 5000 uugm. per | 
ml. concentration was applied to paper and electrophoresis was performed | 


in the ordinary way, it was found that practically all of the vitamin moved 


off the strip with the electro-endosmotic flow. No activity was found at — 
any spot on the anode side of the point of application. This confirms the | 
observations of Schilling and Deiss (10) who found that radioactive vita- — 


min By: in saline solution moves toward the cathode during electrophoresis. 


There are points of difference between the “binding” of vitamin Bys in | 
liver and in serum. Serum-bound vitamin By, is not available to F. | 


gracilis unless the proteins have been heat-denatured. The vitamin in 


liver would appear to be much more loosely held. It has been previously | 


shown that vitamin By. in serum is transported by a protein with the 
electrophoretic mobility of a-globulin (8). The mobility of protein-bound 
liver vitamin By, is slower than that in serum under similar conditions. 
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One might postulate that serum protein has a stronger affinity for 
vitamin By, than liver protein. This would imply that serum could carry 
a normal complement of vitamin Biz in spite of serious liver depletion, a 
possibility supported by clinical evidence (5). The importance of this 
mechanism in mobilizing adequate amounts of the vitamin from tissue 
stores can be readily appreciated. 


SUMMARY 


1. The vitamin By. concentration of twelve normal livers was assayed 
by the Euglena gracilis method and found to average 0.28 y per gm. of wet 
tissue. 

2. Vitamin Bi: exists in liver as a loosely bound protein complex which 
has an electrophoretic mobility similar to that of serum 8-globulin. 

3. Liver vitamin By: can be utilized by EF. gracilis as free vitamin, with- 
out the preliminary heating procedures necessary in the analysis of serum. 
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ULTRACENTRIFUGATION STUDIES OF A URINARY MUCO- 
PROTEIN WHICH REACTS WITH VARIOUS VIRUSES 


By IGOR TAMM, J. C. BUGHER, anv F. L. HORSFALL, Jr. 


(From the Hospital of The Rockefeller Institute for Medical Research, and the Division 
of Medicine and Public Health of the Rockefeller Foundation, New York, New York) 


(Received for publication, July 13, 1954) 


The isolation from normal human urine of a highly viscous, electro- 
phoretically homogeneous mucoprotein has been described previously 
(1-3). This substance combines with influenza, mumps, and Newcastle 
disease viruses and is altered enzymatically by them (1-6). This altera- 
tion in the mucoprotein results in loss of the capacity to combine with 
viruses and in reduction of the electrophoretic mobility (3). The unaltered 
mucoprotein causes inhibition of the agglutination reaction between red 
blood cells and influenza, mumps, and Newcastle disease viruses (1). 
The various aspects of mucoprotein-virus interaction have been summa- 
rized (7, 8). In this communication the behavior of the urinary mucopro- 
tein in the ultracentrifuge will be reported. 


EXPERIMENTAL 


The urinary mucoprotein was isolated by precipitation of normal human 
urine with 0.58 m NaCl, lyophilization of the precipitate from distilled 
water, and extraction of the dried material with 0.025 m phosphate buffer, 
pH 6.8 (2). In some experiments, mucoprotein in water, obtained by 
precipitation of urine with NaCl, was used directly. Previously, the term 
urinary mucoproteins was applied to the material isolated from human 
urine by precipitation with NaCl; the term inhibitory mucoprotein was 
used to designate the fraction of dried mucoprotein soluble in phosphate 
buffer (2). Recent experiments have shown that urinary mucoprotein, 
isolated by precipitation with NaCl and dissolved in water, is completely 
soluble in 0.025 m phosphate buffer, pH 6.8, if the material is not frozen 
and dried prior to the addition of phosphate. Therefore, in this communi- 
cation, a single term, urinary mucoprotein, will be adopted, and the treat- 
ment to which the material was subjected will be indicated. 

The Lee strain of influenza B virus was used in experiments on the effect 
of virus action on sedimentation behavior of the mucoprotein. The 
sedimentation studies were made in an ultracentrifuge with a combined 
air-electric drive. This instrument, originally developed by Bauer and 
Pickels (9), has been further modified by adding to the air turbine a disk 
of Alnico III magnetized along a diameter. This magnetic structure 
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revolves between the two poles of a stator energized by a power amplifier 
driven by a precision oscillator. The apparatus runs as a synchronous 
motor after being brought to the desired speed. The speed is continuously 
observed by an oscilloscope by means of the signal from an auxiliary coil 
which is energized by the rotating magnetic field. The speed is constant 
to whatever precision is maintained by the oscillator. Speed was con- 
trolled in these experiments to within 1 r.p.m. 

Sedimentation was measured by the refractive index gradient method. 
All of the runs were performed at 45,000 r.p.m. equivalent to a centrifugal 
field of 147,000 X g at the center of the cell. 


0 005 010 015 0.20 
MUCOPROTEIN CONCENTRATION IN PER CENT 


Fic. 1. Concentration dependence of the sedimentation constant of the urinary 
mucoprotein. Solvent, 0.025 m phosphate buffer, pH 6.8. @, sedimentation con- 
stants corrected for the viscosity of the solution (10); O, based on uncorrected 
values. 


Sedimentation Behavior 


The urinary mucoprotein sedimented in a single symmetrical boundary, 
indicating that the mucoprotein was substantially homogeneous. Experi- 
ments were carried out to determine the relation between concentration of 
solute and sedimentation velocity. The fraction of dried mucoprotein 
soluble in phosphate buffer was used at concentrations ranging from 0.05 
to 0.2 gm. of mucoprotein in 100 ml. of solution. The lower curve in 
Fig. 1 shows that the sedimentation constant was markedly dependent on 
the concentration of the substance. After correction of sedimentation 
constants for the viscosity ({n] = 3.7) of the solution (10), a linear relation- 
ship between the corrected sedimentation constants and concentration 
(Fig. 1, upper curve) was found. The correction of sedimentation con- 
stants for the viscosity of solution by the method used (10) is an empirical 
one, but, as can be seen in Fig. 1, the relationship between corrected con- 
stants and concentration permitted extrapolation to zero concentration. 
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This procedure yielded a value for sz of 29.5 S. In view of the finding 
that for thread-like molecules a plot of 1/s against concentration is linear 
at low concentrations (11, 12), the data for the mucoprotein were plotted 
in this manner. Again a linear relationship was demonstrated, and on 
extrapolation to zero concentration s2. was found to be 29.2 S by this 
procedure. 


Molecular Weight and Frictional Ratio 


The diffusion coefficient was found to be 3.25 & 10-* sq. cm. per second 
(2). On the basis of this value and a sedimentation constant of 29.5 §, 
and on the assumption that the specific volume is 0.685 (13-15), the molec- 
ular weight is computed as 7.0 X 10° and the f/fo as 5.32.1 Assuming 
that the deviation of f/f, from unity is due to the shape of molecules with- 
out hydration, Perrin’s equation (16) was used to calculate the axial ratio. 
It was found that the value of f/fo = 5.382 would be satisfied if the mole- 
cules were elongated ellipsoids with an axial ratio of 172.1. The axial 
ratio as determined on the basis of viscosity measurements was 95 (2). A 
mean axial ratio of 133, taken with a molecular weight of 7 K 10°, would 
correspond to rod-like particles with dimensions about 5600 A long and 
42 A wide. 

The demonstration by the electron microscope (17) that the mucopro- 
tein molecules are probably flexible raises uncertainties as to the validity 
of such computations based on a rigid ellipsoid as a model. Furthermore, 
as was emphasized previously (2), diffusion was not ideal, and, therefore, 
the molecular weight and shape factor as computed must be considered 
provisional. On the other hand, a value of 6.4 X 10° was obtained for 
the molecular weight when an equation relating s, 1, and the intrinsic 
viscosity (11, 12) was used. The values used for s and [n] were soo = 29.2 
S and [yn] = 3.7. This equation was derived for chain molecules and has 
been shown to have applicability (11, 12). 


Effect of Heat on Viscosity 


The effect of heat on the viscosity of urinary mucoprotein was deter- 
mined. Measurements were carried out at 37° in Ostwald viscosimeters 
calibrated with the solvents used. The dried mucoprotein was dissolved 
in H.O or phosphate buffer to give a concentration of 0.1 per cent. The 
sample in phosphate buffer contained undissolved mucoprotein (2). Ali- 
quots were heated at 70° for 30 minutes. After this treatment mucopro- 


1The difference between the present value and the f/fo ratio of 5.71 reported 
previously (2) is due to the failure in the earlier brief report to express an exponent 
with a sufficient number of significant figures. The axial ratio has been corrected 
accordingly. 


er | 
us | 
ly | 
oil 
nt | 
d. 
‘al 
| 
d 
i- 
of 
n 
n 
n 
n 
n 
ul 
l. 


128 URINARY MUCOPROTEIN 


tein was completely soluble in phosphate buffer. The results are presented 
in Table I. 


TABLE I 
Effect of Heat on Viscosity of Urinary Mucoprotein 


Urinary mucoprotein in 
Phosphate buffer 
Treatment Treatment 
None 70°, 30 min. None 70°, 30 min. 
Relative viscosity at 37°....... 1.86 1.04 1. 26* 1.39 


* Sample contained undissolved material. 


TABLE II 
Effect of Heating on Sedimentation Behavior of Urinary Mucoprotein 
Mucoprotein Sedimentation constant 
Run No. Medium 
| min. per cent 
1 None 0.2 H.O 14.6 
2 0.2 14.1 
3 si 65 | 30 0.3 ” 11.8 6.0 
4 a 70 30 0.3 “i 12.3 4.0,5.0f 
5 70 30 0.2 - 15.3 4.5 
6 se None 0.3* Phosphate 22.3 
7 B 70 30 0.3 16.5 | 7.7 
8 A 70 30T 0.3 4 14.3 6.2 
9 B None 0.3* - 18.2 
10 A 70 | 30 0.3 " 17.2 wae 


* A very fast component was observed early during acceleration caused by muco- 
protein insoluble in phosphate buffer. 

+ Mucoprotein was heated in H.O and then dialyzed against phosphate buffer. 

t A third boundary was also observed. 


Effect of Heat on Sedimentation Behavior 


Studies on the effect of heat on sedimentation behavior were carried out 
with two frozen and dried preparations, A and B (2). Two temperatures, 
65° or 70°, and two solvents, water or phosphate buffer, were employed. 
The concentration of mucoprotein was either 0.2 or 0.3 per cent. The 
results of these experiments are summarized in Table II and in Figs. 2 and 
3. 
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Urinary mucoprotein in water gave a single sharp boundary (Fig. 2). 
After heating at 65° for 30 minutes (Run 3) two boundaries were observed: 
one corresponding to the original boundary, and a second, smaller, and 
slower moving, but rapidly spreading, boundary (Fig. 2). After heating 


M— 


RUN NO. 1 


Fic. 2. Sedimentation patterns of untreated or heated urinary mucoprotein. 
M = meniscus. The arrow shows the direction of radial migration. Solvent dur- 
ing both heating and sedimentation, H,O. Run 1, untreated, 0.2 per cent, 36 min- 
utes from equivalent starting time; Run 3, 65° for 30 minutes, 0.3 per cent, 36 min- 
utes; Run 4, 70° for 30 minutes, 0.3 per cent, 33 minutes; Run 5, 70° for 30 minutes, 
0.2 per cent, 32 minutes. 


RUN NO. 7 


Fic. 3. Sedimentation patterns of heated mucoprotein. Solvent during sedimen- 
tation, 0.025 m phosphate buffer, pH 6.8. Run 7, 70° for 30 minutes in phosphate 
buffer, 0.3 per cent, 12 and 29 minutes; Run 8, 70° for 30 minutes in HO, then di- 
alyzed against phosphate buffer, 0.3 per cent, 13 and 25 minutes. 


at 70° for 30 minutes (Runs 4, 5, and 8) the original boundary was repre- 
sented only by a small, rapidly spreading boundary. A second, slowly 
sedimenting, larger boundary was also present (Figs. 2 and 3). In Run 4, 
during the later part, the second boundary showed separation into two 
components. When heating was carried out at 70° in phosphate buffer 
(Run 7), the original boundary persisted as a sharp peak, but a second 
boundary of moderate area was observed (Fig. 3). 


URINARY MUCOPROTEIN 


Effect of Active Lee Virus 


Studies on the effect of active Lee virus on the sedimentation behavior 
of urinary mucoprotein were carried out with the fraction of dried muco- 
protein soluble in phosphate buffer (2). The final concentration of muco- 
protein was 0.13 per cent. The mucoprotein (Preparation B (2)) was 
incubated with purified active Lee virus at a concentration corresponding 
to 1:2 diluted infected allantoic fluid (640 hemagglutinating units per ml.). 
Controls, consisting of a solution of mucoprotein to which phosphate 
buffer or an equivalent amount of heat-inactivated (56° or 65° for 30 


TaB_e III 
Effect of Active Lee Virus on Sedimentation Behavior of Urinary Mucoprotetn 
Mucoprotein* | 
Virus ss Hrs. 
I 11 None 37 24 20.8 
12 Lee, active 37 24 24.5 
13 inactivatedf 37 24 20.2 
IT 14 None 4 24 20.2 

15 24 19.7 
16 Lee, active 37 24 22.1 
17 inactivated{ 37 24 20.6 


* Preparation B, phosphate-soluble fraction, was used throughout at a concentra- 
tion of 0.13 per cent in phosphate buffer, 0.025 M, nu = 0.05, pH 6.8. 

+ Heated at 65° for 30 minutes. 

t Heated at 56° for 30 minutes. 


minutes) virus was added, were treated identically. In one experiment, 
an unincubated phosphate buffer control was also included. Mucoprotein 
after treatment with active virus showed no combining activity when 
tested with heated Lee virus (2, 3). The control solutions showed full 
activity. The results of two such experiments are presented in Table III. 

The appearance and migration of boundaries observed with incubated 
materials from Experiment II are reproduced in Fig. 4. As can be seen, 
mucoprotein altered by active Lee virus gave a single boundary. Because 
of the low concentration of virus in the mixture, no boundary due to this 
component was observed. The sedimentation velocity of the altered 
mucoprotein was somewhat greater (mean increase, 15 per cent) than that 
of untreated controls. Furthermore, the boundary given by the treated 
mucoprotein was less sharp and diffused more rapidly than the boundary 
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seen in control samples. The sedimentation of mucoprotein mixed with 
inactivated virus was not different from that of mucoprotein alone. 


RUN NO. 15 16 17 


Fic. 4. Sedimentation patterns of untreated mucoprotein and that treated with 
Lee virus. Solvent, phosphate buffer; concentration of mucoprotein, 0.13 per cent. 
Run 15, mucoprotein; 6, 16, and 27 minutes; Run 16, mucoprotein + active Lee 
virus; 6, 16, and 26 minutés; Run 17, mucoprotein + inactivated Lee virus; 5, 15, 
and 25 minutes. 


DISCUSSION 


The sedimentation constant of urinary mucoprotein (Runs 1 and 2) in 
water is highly reproducible. The variation encountered with unheated 
mucoprotein in phosphate buffer (Runs 6 and 9) was probably due to a 
difference in the concentration of dissolved mucoprotein. In both experi- 
ments, the very fast component which was observed during acceleration 
undoubtedly represented the fraction insoluble in phosphate buffer (2), 
and it is likely that the ratio of the insoluble to the soluble fraction was 
not the same in the two preparations. The sedimentation constants of 
the heated samples (Runs 7 and 10) were in good agreement. As was 
stated above, after heating, the dried mucoprotein is completely soluble in 
phosphate buffer. 

Apparently, heating of urinary mucoprotein causes a reduction in 
molecular asymmetry and size. Concomitantly, loss of biological activity 
takes place (2). The degree of alteration is dependent on the temperature 
and solvent employed. 
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The results with the Lee virus indicate that virus action did not produce 


a marked change in the size of the molecules. However, some aggre- | th 
gation seems to have occurred. That no evidence of aggregation was al 
found in the presence of inactivated virus (56°, 30 minutes) is not sur- [| 4 
prising, because the number of mucoprotein molecules present greatly = | le 
exceeded that of virus particles, and thus probably only a small fraction Sn 


of the mucoprotein present was sedimented rapidly in combination with 
the virus. The effect observed with active virus is probably due to en- | 
zymatic action of influenza virus particles on the mucoprotein. | 


The results of these sedimentation studies, combined with the obser- = = W 
vations on diffusion and viscosity reported earlier (2), clearly show that — ul 
the urinary mucoprotejn which reacts with influenza, mumps, and New- | tr 
castle disease viruses is a thread-like molecule with a very high molecular | 2 
weight. Electron microscopic work confirming these conclusions is re- | 4! 
ported in the communication which follows (17). In size, weight, and en 
shape, the urinary mucoprotein molecules are closely similar to those of = ™ 
the mucoid component isolated from egg white (18). On electrophoresis, | = £=™ 
however, the latter material resolved into two components, whereas the _ te 
urinary mucoprotein was electrophoretically (3) as well as ultracentrifu- | of 
gally homogeneous. In both studies, extremely mild methods were em- 
ployed for isolation and purification. That mucoproteins isolated by 
more drastic procedures (13, 14) have been found to be of much smaller ] 
size suggests the possibility that the isolation of mucoproteins in their : 
native state may, in some instances, be as demanding a task as the isola- 4 
tion of certain other large molecular substances from biological materials, 5 
e.g. of nucleic acids in their native state. This view is further supported 6 
by the observation that heating at 70° for 30 minutes in phosphate buffer 7 
at pH 6.8 resulted in the splitting of the mucoprotein with the emergence . 
of a smaller component and a reduction in the degree of molecular asym- 
metry. It was reported earlier that heating at 70° caused a reduction in | 9 
electrophoretic mobility of the mucoprotein as well as in its capacity to 10 
combine with influenza virus. However, the heat-altered mucoprotein ii 
continued to migrate as a single homogeneous boundary in the electric 12 
field. It is unlikely that molecular size and asymmetry per se are the 
decisive factors in virus-mucoprotein interaction, since treatment of the 13. 
mucoprotein with active Lee virus does not cause an appreciable change 14 
in the viscosity of the mucoprotein (2), and the sedimentation constant 
shows a slight increase, rather than any reduction. The altered muco- 
protein migrated as a single boundary which, however, spread more rap- 17. 
idly than the boundary observed with untreated mucoprotein. This sug- 18. 


gests that the molecules of the virus-altered mucoprotein have a tendency 
to aggregate. 
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As has been emphasized (2), the combined evidence (2-6) suggests that 
the loss of ability of the mucoprotein to combine with influenza, mumps, 
and Newcastle disease viruses, brought about by the action of enzymes 
associated with these agents, is not due to extensive alteration in the mo- 
lecular structure of the substance, but is the result. of the splitting off of a 
small portion of the molecule. 


SUMMARY 


Examination of a urinary mucoprotein which has the capacity to react 
with viruses showed that it behaved as a homogeneous substance in the 
ultracentrifuge. The sedimentation constant is 29.5 8, as found by ex- 
trapolation to zero mucoprotein concentration. The molecular weight is 
about 7 X 10°. Computations gave a frictional coefficient of 5.32 and 
an axial ratio of 172. Heating of the mucoprotein at 70° for 30 minutes 
causes a marked reduction in the viscosity and the appearance of a second, 
more slowly migrating, diffuse boundary in the ultracentrifuge. Treat- 
ment of the mucoprotein with active Lee virus did not cause marked al- 
teration in the molecular dimensions of the substance; some aggregation 
of altered molecules occurred. 
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DIRECT VISUALIZATION OF A MUCOPROTEIN COMPONENT 
OF URINE 


By KEITH R. PORTER ano IGOR TAMM 


(From the Laboratories and the Hospital of The Rockefeller Institute for 
Medical Research, New York, New York) 


PLATE 1 
(Received for publication, July 13, 1954) 


Previous reports (1-4) have described a mucoprotein obtained from 
human urine by a procedure of precipitation with 3.4 per cent NaCl. It 
is characterized by a very high molecular weight (4) and by an extra- 
ordinarily high axial ratio (2, 4). These unusual features made it seem 
that direct visualization of the thread-like molecules with an electron 
microscope would be possible and that this might provide information as 
to the structure of the unit particle. It was felt that such information 
should be of considerable significance, since very mild procedures were 
used in isolating the material and since, in preparation for electron micros- 
copy, it was dried from solution in distilled water. 


EXPERIMENTAL 


The mucoprotein studied was isolated (1, 2) from either male or female 
human urine by precipitation with 0.58 m NaCl at 4°. The precipitate 
which formed was washed with fresh NaCl solution and then dissolved in 
distilled HO. Traces of the original salt were removed by exhaustive 
dialysis. The distinctly viscous solution obtained was centrifuged at 
3800 X g for 30 minutes to remove particulate contamination, and the 
concentration of the mucoprotein in the supernatant solution was deter- 
mined spectrophotometrically (2). This original solution (4) was then 
diluted with freshly distilled H,O to give final concentrations of 0.25, 
0.025, and 0.0025 mg. per ml. Small drops of these solutions were placed 
on separate collodion-coated grids, all fluid in excess of a shallow drop was 
withdrawn, and the preparations were allowed to dry or were first placed 
in vapors of OsO, and then allowed to dry. 

The dry preparations were shadowed with platinum-palladium at a 
12.5° angle or 17° angle and thereafter examined. The majority of micro- 
graphs were taken at a magnification of 13,000 diameters. 


Results 


The preparations were consistent in showing long and slender filamentous 
units. When the original concentration was 0.25 mg. per ml., these 
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generally formed upon drying dense mats in which the individual filaments 
were just perceptible. Preparations from less concentrated solutions 
showed correspondingly fewer filaments per unit area. The concentration 
varied to some extent from one open area of the grid to another owing to 
the amount of original solution available over the area for drying, but this 
variation never exceeded the differences between the 10-fold concentra- 
tions. The definite correspondence between the number of filaments in 
dried preparations and the concentration of the solution made it evident 
that the filamentous component represented the mucoprotein. In most 
preparations the filamentous component was the only one apparent, but 
even in the few instances in which another was present it was not fila- 
mentous and was easily recognized as a contaminant. 

Judged from their appearance in the dry preparation, the individual 
filaments are non-rigid strands with an average diameter of ~100 A. In 
these features they are uniform within a single preparation as well as from 
one preparation to another. In length, however, the variation is great. 
Some filaments measure as little as 2500 A; others as much as 40,000 A or 
4 yu. The majority are greater than 15,000 A in length, and most of these 
fall in the range between 20,000 and 30,000 A. It is probable that the 
preparation procedures operated to fragment many filaments that were 
longer in the original material. However, since the procedures used were 
extraordinarily mild, it seems unlikely that they were totally responsible 
for the variation. Regardless of its origin, this degree of variation was a 
constant feature of the preparations and appeared to bear no relation to 
whether OsO, was used as a fixative or not. These dimensions described 
a highly asymmetric body with‘an average axial ratio of approximately 
250. It should be noted that preparations from male and female urine 
were indistinguishable by electron microscopy. 

It was characteristic for the filaments to appear beaded in preparations 
shadowed lightly with platinum-palladium. When this structure was 
evident in the filaments (and the clarity of this nodose structure varied 
considerably and was ill defined in some places), it appeared to be quite 
regular with high points spaced at ~110 A. This suggests that the fila- 
ments are linear arrangements of spheroidal particles and that these 
latter may represent the fundamental, repeating unit of the mucoprotein. 

It is interesting to note that in water solutions the filaments of muco- 
protein showed no tendency toward lateral association. Indeed they 
appeared to resist such association under these conditions for it was rare, 
even in the dried preparations from 0.025 mg. per ml. (Fig. 1), to find two 
or more filaments lying side by side. When, however, the mucoprotein 
was dissolved in 0.85 per cent NaCl, it had a tendency over long periods 
of storage at 4° to precipitate (1, 2). When such salt solutions were 
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placed dropwise on electron microscope grids and allowed to dry, the 
mucoprotein filaments were found to be laterally associated in bundles 
and the whole preparation resembled a fibrin clot, similarly examined (5). 
Presumably the increase in salt concentration accompanying the desicca- 
tion of the material accelerated this lateral aggregation of the filaments. 


DISCUSSION 


It is evident from the electron micrographs that the filamentous com- 
ponent of these preparations of mucoprotein has an asymmetry adequate 
to account for the high viscosity of the preparations. To what extent 
this asymmetry varies under normal conditions is in doubt, but sedimenta- 
tion data (4) would suggest that axial ratios are more uniform for the 
material in solution than after drying. Presumably the forces of surface 
tension operating in desiccation would serve to fragment the filaments. 

The width of the filaments seems remarkably uniform, and in this regard 
the observations reported here conflict to some extent with those reported 
earlier on ovomucoid by Sharp, Lanni, and Beard (6). The filaments 
resemble in their diameters and in their electron microscope image the 
appearance of F-actin (7) as well as a number of filamentous units found 
within cells, such as myofilaments (8) and the tonofibrils of epidermal 
cells (9). 

Calculations based on viscosity, sedimentation, and diffusion indicate 
that the dimensions of these mucoprotein filaments are 5600 A in length 
and 42 A in width (4). Between these dimensions and those obtained 
from electron microscope images there is an obvious discrepancy. From 
the latter evidence the average dimensions are 25,000 A in length and 
100 A in width. A number of suggestions might be made to account for 
these differences. First, for physicochemical studies the phosphate 
buffer-soluble fraction of lyophilized mucoprotein (2, 4) was used, whereas 
for electron microscopy the mucoprotein had not been lyophilized and was 
used in a state in which it was completely soluble in phosphate buffer (4). 
Secondly, in making calculations of the dimensions from physicochemical 
data, a uniform rod-like model was utilized. The electron microscope 
indicates, to the contrary, that the filaments are nodose as though made 
up of particulate elements. Obviously, a beaded filament of the same 
volume would have greater dimensions than a rod. Finally, the electron 
microscope images define the filament as a flexible structure, with little 
evidence of the rigidity which is assumed in calculations from viscosity, 
sedimentation, and diffusion data. 

There is nothing in these images to indicate that the filaments are in 
any sense rigid or responsive one to the other. On the contrary, they 
twist and turn as though completely flexible. Parallel or lateral associa- 
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tions of the filaments have not been encountered, and instead the orienta- 
tion is entirely random. It would seem then that in water solution the 
mucoprotein filaments show no tendency to lateral aggregation. Only 
when the concentration of NaCl is increased to about 0.14 m do the fila- 
ments come together to form a precipitate. 

Although the filaments appear to behave as units in these preparations 
and also in response to electrophoretic fields and changes in H+ ion and 
salt concentrations, the electron microscope image indicates that they are 
nodose and apparently constructed of spheroidal units. These units have 
approximately the same length as the filament width. The integrity 
which the filaments maintain in the face of the forces of drying would 
suggest that the bonding between the particles is strong. Presumably 
when subjected to conditions which reduce the viscosity of the solution, 
such as 70° for 30 minutes (2, 4), the filaments fragment. Thus far elec- 
tron microscope studies of such material have not been attempted. The 
observation that these filaments apparently consist of spheroidal particles 
adds yet another item to the list of highly asymmetric “molecules”? which 
appear to be constructed in this manner (10). Electron microscope evi- 
dence defines fibrinogen (11) and the first polymeric forms of fibrin as 
strings of particles (5,11). Apparently F-actin (7) filaments are similarly 
constructed, as are also keratin filaments (12) and insulin (13). Sharp, 
Lanni, and Beard stated that filaments seen in semipurified preparations 
of the egg white inhibitor of influenza virus hemagglutination appeared to 
be linear aggregates of spheroidal particles (6). 

From the information available it would appear that this component of 
urine is derived from the walls of the bladder or urethra. That it is not 
added to the urine solely during its passage through the urethra is indicated 
by its presence in urine catheterized from the bladder. Presumably the 
mucous cells to be found in the transitional epithelium around the base of 
the bladder represent the source in this case. Cells of this same type are 
not present in the ureter at any level, and it seems very unlikely that any 
filament of these dimensions could find its way through the nephron even 
if present in the plasma. Likewise the secretory cells of the genital tracts 
and glands cannot be implicated, because the same material is found in 
female as in male urine. The most logical source would appear, therefore, 
to be the mucous cells of the bladder, with possible additions from the 
glands of Littré found in the walls of the urethra. There is ample reason 
to believe that the site could be identified by electron microscopy of thin 
sections taken through the mucous cells of the bladder and urethra, pro- 
vided its intracellular form bears some resemblance to the extracellular 
appearances. Such investigations might reveal also whether mucous 
secretions are uniformly characterized by unit filaments of this long, 
slender nature. 
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One of the more interesting properties of this material, as indicated in 
earlier publications (1-4), is its capacity to combine temporarily with and 
be permanently altered by influenza, mumps, and Newcastle disease 
viruses. There can be little doubt that the filament pictured in these 
micrographs is involved in this reaction. Heretofore, electrophoretic (3) 
and ultracentrifugal (4) studies have defined the purity of the preparations 
and related activity to concentration. The electron microscope observa- 
tions do essentially the same thing and add new evidence on the mor- 
phology of the particles. 


SUMMARY 


Samples of urinary mucoprotein have been examined with the electron 
microscope and have been found to be made up of filaments having a width 
of ~100 A and an average length of ~25,000 A. They appear to be non- 
rigid. The filaments show a nodose structure, with high points spaced at 
~110 A, indicating that they may be composed of spheroidal units. 
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EXPLANATION OF PLATE l 


Fic. 1. Electron micrograph of a preparation of mucoprotein (from male urine) 
dried from a water solution containing 0.025 mg. per ml. The solution was placed 
in a shallow drop on a collodion-coated grid and then allowed to dry. Osmium fixa- 
tion was not employed. When dry, the surface of the preparation was shadowed 
with platinum-palladium at an angle of 12.5°. Magnification, * 43,500. 

Fic. 2. Micrograph of mucoprotein (from female urine) dried from a solution 
containing 0.0025 mg. per ml. A shallow drop of the solution was placed in vapors 
of OsO, to ‘fix’? the mucoprotein. After 10 minutes it was removed from the con- 
tuiner of OsO, and allowed to dry. It was shadowed at an angle of 17°. It is evi- 
dent that the 10-fold dilution of the solution is reflected in the relative sparseness 
of the filaments. What appears to be a single filamentous unit stretches across the 
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bottom of the micrograph (arrows). It is 4 long. It may be noted that the fila- 
ments in Fig. 2 do not appear larger than those in Fig. 1 even though the magnifica- 
tion is greater. This is explained by the fact that the filaments in Fig. 1 were shad- 
owed at the smaller angle of 12.5°. Magnification, K 53,625. 

Fic. 2, a. Micrograph of mucoprotein (prepared as for Fig. 2) at higher magnifi- 
cation to show the nodose character of the filaments. The average width of the 
filaments is 100 A, and the height, as determined from shadow length and angle, is 
approximately 30 A. Assuming a circular cross-section, it would appear that in 
spite of fixation some flattening of the filament results from ie forces of drying and 
adsorption. Magnification, 78,000. 
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(Porter and Tamm: Mucoprotein from urine) 
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CHOLESTEROL ESTERASES 


VI. RELATIVE SPECIFICITY AND ACTIVITY OF PANCREATIC 
CHOLESTEROL ESTERASE 


By LEON SWELL anp C. R. TREADWELL 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, July 26, 1954) 


In earlier reports (1-3) from this laboratory, a cholesterol esterase was 
demonstrated in the pancreas and intestinal mucosa. The properties of 
this enzyme were investigated with cholesterol oleate and cholesterol and 
Inte » substrates for hydrolysis and esterification, respectively. 
_ chosen as the fatty acid component in the systems because 

5 ..ue oecurrence as a major component of animal fats and because 

ie cholesterol esters of the blood have been reported to be principally 
sters of the unsaturated fatty acids (4). However, as a part of our studies 
on the relation of the enzyme to the absorption and metabolism of choles- 
terol, it seemed desirable to investigate the specificity and relative activity 
of the enzyme in respect to the fatty acid component of hydrolytic and 
esterifving systems. The demonstration of a cholesterol esterase in rat 
liver (5), with a different relative specificity, especially emphasized the 
need for further data on the pancreatic enzyme. Also, shortly after these 
studies were initiated, Fodor (6) reperted that the optimal pH for the pan- 
ereatic enzyme was 5.2 for esterification and 6.6 for hydrolysis. Our earlier 
data had indicated optima of 6.2 and 6.6 respectively. The critical dif- 
ference between the experiments appeared to be that Fodor employed sys- 
tems containing butyric acid, while ours had contained oleic acid. These 
findings were in accord with a tentative explanation of the different pH 
optima for esterification and hydrolysis observed in our studies. This was 
that only the undissociated acid molecule entered into the esterification 
reaction, and hence, if there were only one enzyme and only one type of 
active site on the enzyme involved in both esterification and hydrolysis, 
then the optimal pH for hydrolysis would be dependent on the enzyme 
alone, while in the esterifying system the effect of pH would be due to its 
influence on the activity of the enzyme and on the dissociation of the acid. 
It would follow from this that the optimal pH for esterification and hydroly- 
sis would not necessarily be the same and that it would be lower for butyric 
acid than for oleic since butyric acid is a stronger acid than oleic.  Like- 
wise, the sharp drop in esterifying activity (2) above the optimum would 
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be due to the decrease in concentration of un-ionized acid. The data pre- 
sented below are in general agreement with this view-point. 

The work of Mueller (7), Knudson (8), and others (9) has led to the view 
that esterification of cholesterol is an essential step in its absorption. — It 
was reported that in the absence of pancreatic juice there was very little 
absorption of cholesterol from the intestine, and that, when the juice was 
present, the absorbed cholesterol appeared in the lymph or blood principally 
in the form of esters. It was also found that the absorption of cholesterol 
was dependent on the presence of bile in the intestine (10). While our 
previous data on the cholesterol esterase of pancreas supported the sugges- 
tion that this enzyme was actively involved in the absorption of cholesterol, 
the relative specificity and the effect of bile on the activity of the enzyme in 
relation to the nature of the fatty acid needed clarification in this relation- 
ship. 

This report describes the synthesis of a series of thirteen fatty acid esters 
of cholesterol, the determination of the relative activity and optimal pH 
for hydrolytic and esterifying systems containing each of the thirteen acids, 
and the effect of sodium taurocholate and Tween 20 on the activity of the 


enzyme. In addition, data are given on the stability of the enzyme during : 


incubation at various hydrogen ion concentrations and on the activity of 
the enzyme with mixtures of different esters. 


EXPERIMENTAL 


Purification of Fatty Acids—The fatty acids, or methyl esters of from 
90 to 95 per cent purity, were obtained from commercial sources! and puri- 
fied by fractional distillation. The esters were saponified and the acids 
isolated in the usual way. The molecular weights were determined by 
titration and in all cases were within 2 per cent of the theoretical. 

Preparation of Cholesterol Esters—All of the esters except that of oleic 


acid were prepared as follows: 0.182 mole of thionyl chloride was added to | 


0.058 mole of fatty acid in a 250 ml. Erlenmeyer flask. The mixture was 
heated near the boiling point for 15 minutes with constant mixing. The 
excess thionyl chloride was removed by suction. The acid chloride was 


warmed and 0.040 mole of cholesterol added in small portions. After the © 


reaction had subsided, 0.040 mole of anhydrous pyridine was added and 
the mixture heated at 80° for 20 minutes. Absolute alcohol was added 


until the ester was dissoived. If the fatty acid contained more than 10 © 
carbons, acetone was used as the solvent. The esters crystallized readily | 


in an ice bath. The vield after the second recrystallization varied from 
75 to 90 per cent, the shorter chain acids giving the higher yields. The 


1 Several of the acids and esters were generously supplied by the EF] Dorado Oil 
Works, San Francisco. 
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esters were recrystallized until the melting point was constant and no pre- 
cipitate was given with digitonin. Oleic acid did not react normally with 
thionyl chloride in this procedure, and hence the cholesterol oleate was 
prepared by the method of Page and Rudy (11). The melting point, 
molecular weight, and specific rotation of each of the esters appear in Table 
I. Several of these constants differ from those previously reported in the 
literature (11, 12). However, in view of the purity of the starting materi- 
als, the close agreement between the theoretical and determined molecular 


TABLE I 
Constants of Cholesterol Esters 


M.p.,* uncorrected Molecular weight 


| Cloudy | Clear | Theoretical | Foundt | 

| 114.0 428.7 4.5 | —43.5 
Propionate.......... | 97.0 113.0 442.7 434.8 —40.6 
| 102.0 111.0 456.7 458.8 —35.4 
| 87.5 90.0 470.9 471.7 —34.3 
Isovalerate...... 109.8 110.5 470.9 463 .3 — 34.6 
94.5 484.9 481.1 —32.5 
Caprylate........... «104.6 106.0 512.9 505.5 —31.6 
| 91.8 92.0 | 569.0 558.6 —27.5 
Myristate........... | 73.0 80.0 | 597.0 588.1 — 26.5 
Palmitate........... 80.5 | 625.1 618.8 —25.4 
Stearate. . | 9.8 | 653.1 | 630.2 | 
| | | | —21.6 


* Cholesterol esters melt with the formation of a cloudy liquid which on con- 
tinued heating becomes clear. 

t Calculated from saponification data. 

t Determined on 5 per cent solutions in CHCl;. 


weights, and the fact that the molecular rotation of the esters from the 
butyrate through the stearate was essentially constant, it 1s believed that 
the constants shown in Table I are more representative of the true values 
than are those reported earlier. 

Determination of Cholesterol Esterase Activity—The composition and prep- 
aration of the substrate mixtures, the assay of the enzyme activity, and 
the determination of free and total cholesterol in the enzyme digests have 
been described previously (5). The enzyme extract was prepared from 
frozen fresh hog pancreas. A weighed amount of the pancreas was homog- 


enized in 50 per cent glycerol and diluted to give a tissue concentration of 
20 per cent. 


This was further diluted to give the desired concentration in 


| 
re | 
w 
It | 
tle | 
"as 
lly 
rol 
ur 
Ts 
»H 
ls, 
he 
ng 
of 
ym 
ids 
by — — 
to | 
as | 
‘he 
as | 
he 
nd 
ed 
10 
ily 
‘he | 


144 CHOLESTEROL ESTERASES. VI 


the individual experiments. Preliminary experiments indicated that the e 
hydrolytic activity of the enzyme was markedly higher with the short chain |! 
esters than with cholesterol oleate which was used in earlier studies. Ex- | ¢ 
periments were then run to determine the conditions necessary for satura- | ¢ 
tion of the enzyme during incubation. Table II presents the data obtained | ¢ 
with cholesterol butyrate. From these and comparable data, later ex- — t 
periments were performed with substrates equivalent to 100 mg. of cho- + t 
lesterol and 1 ml. of 10 per cent enzyme solution per digest. In the es- 
terifying systems (cholesterol + fatty acid) the fatty acids were added in 1 
amounts to give 3 molar equivalents in relation to the cholesterol. The 
incubation period was 2 hours except when the relative activity was low, 
TABLE II 
Requirements for Saturation of Enzyme in Hydrolytic System | 
Substrate, cholesterol butyrate in amounts per digest equivalent to weights of 
cholesterol shown; enzyme, 1 ml. of pancreatic extract of indicated concentration; 
pH of digests, 6.6. 
| 75 mg. cholesterol | 100 mg. cholesterol | P, 
Duration of incubation | | 
5 per cent extract ha per cent enueed 5 per cent extract hos per cent extract Is 
hrs. mg. mg. | mg. mg. C: 
0.25 3.2 3.0 6.0 C: 
0.50 6.6 11.7 6.5 14.6 C: 
1.00 15.6 28.8 | 15.6 35.7 = * 
1.50 25.5 41.1 | 26.4 50.1 M 
2 35.7 | 58.5 | 35.7 67.2 Pa 
6 58.8 | 71.4 78.0 94.5 Ol 
in which cases the incubation period was extended to 6 or 24 hours. The at 
data in Tables IIL to VI are expressed as mg. of cholesterol esterified or — 
liberated by hydrolysis per gm. of fresh tissue per hour. oe 
Optimal pH for Hydrolysis and Esterifications—A series of 0.154 mM phos- - 
phate buffers, ranging from pH 3.0 to 7.4, was used in preparing the sub- ” 
strate mixtures. With the esterification systems, because of the different — a 
strengths of the acids, each mixture was finally adjusted to a definite pH | be 
with either hydrochloric acid or sodium hydroxide before the addition of = * 
the enzyme. The pH-activity relationships were determined for each of tah 
the thirteen fatty acids in both hydrolytic and esterifying systems. In — de 
order to conserve space, these data are omitted from Tables III to VI. | lov 
The optimal pH for each acid is recorded in Table III. It will be noted =" 
that all acids had the same optimum for hydrolysis, namely 6.6. Thus “ie 
ev 


all of the esters gave the same optimal pH for the enzyme as was reported 


L. SWELL AND C. R. TREADWELL 145 


earlier with oleic acid (1). Also there was appreciable hydrolytic activ- 
ity with all of the acids in the alkaline range. The acids from propionic 
through palmitic all gave essentially the same optimal pH for esterifica- 
tion. ‘The pH values for stearic and oleic acid were higher than those for 
the shorter chain acids, the value for oleic being essentially the same as 
that obtained previously (2). The pH value for acetic was distinctly lower 
than that for any other acid in the series. 

Relative Hydrolytic and Esterifying Activity with Different Fatty Acids— 
The data of Table IIT on the relative activity with the different esters and 


TaBLeE III 
Relation of Fatty Acid Component to Optimal pH and Relative Activity 
Hydrolysis Esterification 
Fatty acid component 
Optimal pH | Activity* Optimal pH Activity* 

| mg. mg. 
| 6.6 | 396 | 5.2 5 
6.6 | 462 | 5.1 7 
6.6 4] | 5.1 5 
6.6 538 | 4.9 9 
| 6.6 | 131 5.1 | 152 
| 6.6 | 66 5.0 | 140 
| 6.6 43 5.1 | 146 
| 6.6 | 23 5.0 164 
| 6.6 | 12 5.2 136 
| 6.6 | 10 5.5 146 
| 6.6 | 33 6.1 233 


* Mg. of cholesterol esterified or liberated by hydrolysis per gm. of tissue per hour 
at optimal pH. 


acids were obtained in a separate experiment in which each substrate was 
incubated at its optimal pH. The values agreed closely with those found 
in the experiments on the optimal pH. Considering both the hydrolyzing 
and esterifvying activity of the enzyme, the series of saturated acids could 
be roughly divided into two groups: those above and those below caprylic 
acid. In respect to hydrolysis, the activity increased from acetic to ca- 
proic, then decreased sharply from caproic to capric, with a further gradual 
decrease through stearic. With oleic acid the activity, while relatively 
low, was distinctly higher than with stearic. The situation was essentially 
reversed in esterification. There were a very low level of activity from 
acetic through caproic, a marked increase with caprylic, and a constant 
level from caprylic through stearic. A very interesting finding was that 
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the relative activity with oleic acid was higher than that with the others in 
the series. 

The markedly lower hydrolytic activity with isovaleric acid in com- 
parison with the n-valeric suggested the possibility of inhibition of the 
enzyme owing to steric hindrance effects. This has been further investi- 
gated with a series of branched chain fatty acids and found to be a general 
phenomenon.’ 

Effect of Incubation pH on Activity of Cholesterol Esterase—The grouping 
of the optimal pH values for esterification with the acids from propionic 
to palmitic in the range of 4.9 to 5.2 was not in good agreement with the 
assumption that only the un-ionized form of the acid was involved in the 


TABLE IV 


Incubation pH and Activity of Cholesterol Esterase 
Aliquots of 20 per cent pancreatic extract were adjusted to the indicated pH 
values with phosphate buffer and incubated at 37° for 2 hours. The pH was then ad- 
justed to 6.2 or 6.6 and the tissue concentration to 10 per cent, and the activity was 
determined as described in the text. 


Incubation pH 


| “pated” | 3.1 3.8 4.6 4.9 5.3 | $6 | 59 | 6.2 

313. 29-224) 255 | | 330 342, | 335 | 317 | 317 
Esterification®........... 219 130. 216 | 2160 205 | «183 


Mg. at envevified ac eid, pH 62) or berated by hydrolysis 
(cholesterol but vrate, pH 6.6) per gm. of tissue per hour. 


reaction. The optimal pH for these acids and for acetic should have been 
at lower levels if the above assumption is correct. It seemed possible that 
the enzyme was undergoing destruction during incubation at the lower 
hydrogen ion concentrations. This was checked by incubating aliquots of 
the enzyme solution for 2 hours at 37° at the pH values shown in Table 


IV. After incubating the enzyme alone, the aliquots were adjusted to | 
either pH 6.6 or 6.2, and the hydrolyzing and esterifying activity was de- | 


termined with cholesterol butyrate and cholesterol-oleic acid respectively. 
There was a marked decrease in esterifying and hydrolyzing activity in the 
samples incubated at pH levels below 4.9. The data also suggest that 
there may be some destruction of the enzyme at pH 6.5 and above. 
Influence of Emulsifying Agents on Cholesterol Esterase Activity-— Vhe 
hydrolytic and esterifying activity of the enzyme was determined for each 
of the acids listed in Table V with either Tween 20 or sodium taurocholate 


2H. S. Stern and C. R. Treadwell, unpublished data. 
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as the emulsifying agent. In a control series with saline in place of the 
emulsifying agents, there was no activity, either hydrolytic or emulsifying. 
While there was esterifying activity with all of the acids tested in the pres- 
ence of sodium taurocholate, there was no activity when Tween 20 was 
used. ‘There was hydrolysis in the presence of Tween 20 with the esters 
of the acids containing from 4 to 10 carbons, but not with the longer chain 
acids. In contrast, with taurocholate there was hydrolytic activity with 
all of the esters tested, and in the cases in which there was activity in the 
presence of Tween 20 the level of activity was markedly higher with tauro- 
cholate. The total cholesterol content of all of the digests in this experi- 


TABLE V 
Influence of Emulsifying Agents on Activity of Pancreatic Extracts 


1 ml. of 10 per cent sodium taurocholate or of Tween 20 used in preparation of sub- 
strate mixtures. pH of digests for hydrolysis, 6.6; for esterification, optimal pH for 
each acid as indicated in Table III. Other conditions as described in the text. 


Fatty acid component 


Acetic Butyric Capra Lauric Stearic 
Hydrolysis* 

329.0 305.0 | 15.8 | 11.4 | 6.8) 0.8! 0.9| 0.7 
0.0 | 36.0 135.0 | 5.6 6 0.0, 0.0, 0.0!) 0.0 
Esterification* 

Taurocholate..........| 3.5 | 4.2] 4.2 128.0. 0 108.0 130. 0 125. 0 131.0 127. 0 
Tween 20. 0.0 0.0, 0.0 0.0, 0.0} 0.0} 0.0 


. Mg. of chalesterel esterified or liberated by hydrolysis per gm. of tissue per hour. 


ment was determined as a check on the uniformity and stability of the 
emulsions. ‘The data indicated that both Tween 20 and sodium tauro- 
cholate at the concentrations employed gave uniform emulsions of the sub- 
strates. Thus the findings could not be attributed to differences in the 
emulsions. ‘The activities of taurocholate and Tween 20 are comparable 
to those observed with the cholesterol esterase of rat liver (5). Tween 
20 will only function in the hydrolysis of the short chain fatty acid esters 
of cholesterol, while with bile salts the pancreatic enzyme catalyzes the 
hydrolysis and synthesis of the esters of all of the normally occurring fatty 
acids which have been investigated. No other group of compounds has 
been found which can duplicate this action of bile salts. This uniqueness 
may be due to the formation of a specific complex between bile salt and 
sterol (13). 
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Summation Experiments—The marked differences in activity of the pan- 
creatic cholesterol esterase in respect to the short and long chain fatty acids 
suggested the possibility that two enzymes were present in the pancreatic 
extracts: one active in systems containing short chain fatty acids, and the 
other with long chain acids. This possibility was investigated in a series 
of experiments based on the following principles. If two enzymes were 
present, then in a digest containing a short chain and a long chain fatty 
acid ester of cholesterol, the total hydrolysis should be equal to the sum 
of the hydrolysis in two separate digests each containing one of the esters. 
If only one enzyme was present in the extracts, then the hydrolysis observed 
in the digest containing both esters should be equal to or less than the hy- 
drolysis observed with the single ester which was hydrolyzed to the great- 
est extent, assuming saturation of the enzyme in all cases. Table VI il- 


TABLE VI 
Summation Experiments with Pancreatic Extracts 


Each ester, singly or in combination, was incorporated into the substrate mix- 
ture in an amount equivalent to 100 mg. of cholesterol. pH of digests, 6.6. Other 
conditions as described in the text. 


Substrate 
| 
Hvdrolysis*....... ee 195 53 128 47 203 23 
| 


* Mg. of cholesterol liberated by hydrolysis per gm. of tissue per hour. 


lustrates the degree of hydrolysis of the acetate, propionate, butyrate, and 
oleate esters and of mixtures of the same quantities of each of the first 
three with the oleate ester. The degree of hydrolysis with each of the 
three mixtures was less than that observed with the short chain ester alone. 


The results do not support the possibility of two enzymes in the pancreatic | 


extracts. Rather the data suggest that the slowly hydrolyzed oleate com- 
petes with the more rapidly hydrolyzed esters for the enzyme. 


DISCUSSION 


The optimal pH for hydrolysis with all of the esters from acetate through 
oleate was 6.6. Thus, the nature of the fatty acid component does not 
have an influence on the optimal pH for hydrolysis of the cholesterol es- 
ters. In the esterification systems studied, the fatty acid does influence 
the location of the optimal pH. The data for the systems containing buty- 
ric and oleic acids confirm and explain the different pH optima for esteri- 
fication reported by Fodor (6) and by our laboratory (2). It is clear that 
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the results were due to the use of different acids. While the degree of 
dissociation of the long chain fatty acids under the conditions employed 
is not known, the esterification data were not in close agreement with the 
possibility that only the undissociated acid entered into the esterification 
unless the acids from propionic through palmitic were ionized to the same 
extent in the pH range 4.9 to 5.2. Moreoever, the optimal pH for acetic 
should have been lower than 4.7. However, considering only the values 
for palmitic, stearic, and oleic acids, the values appeared to be in fair agree- 
ment with the above possibility. The data on stability of the enzyme in 
relation to pH during incubation indicated that the enzyme was increas- 
ingly inactivated as the pH was decreased below 4.9. The observed op- 
tima are probably the resultant of the combined effects of several factors; 
namely, the true optimal pH of the enzyme, the concentration of undissoci 

ated acid, and the extent of inactivation of the enzyme during incubation. 
These findings may be of significance in relation to comparable studies on 
the synthetic activity of other esterases and lipases. 

The relative specificity and activity of the enzyme as demonstrated in 
the present experiments correlate well with its presumed function in the 
digestion and absorption of cholesterol. At the prevailing pH in the in- 
testine during digestion all of the cholesterol esters would be susceptible 
to hydrolysis, especially those of fatty acids with a chain length of less than 
10 carbons. Conversely there would be minimal, synthesis of esters of 
acids with less than 18 carbons, and the highest rate of synthesis (with the 
acids studied) would occur with oleic acid. Irrespective of whether cho- 
lesterol esters or cholesterol and triglycerides were presented to the in- 
testine for digestion and absorption, the tendency would be for the enzyme 
to produce a mixture of free cholesterol and cholesterol esters of the long 
chain fatty acids, especially oleic. Bile salts or a comparable factor would 
be required for the process. If, as has been suggested, the cholesterol 
esters of the blood are formed during the digestion and absorption of cho- 
lesterol, then the composition of the esters of the blood (4) is as would be 
predicted from the specificity and activity of the enzyme. 


SUMMARY 


The synthesis and physical properties of a series of thirteen fatty acid 
esters of cholesterol are described. The optimal pH for hydrolysis by 
pancreatic cholesterol esterase was 6.6 for each of the series of esters. In 
esterifying systems with the same series of acids and free cholesterol the 
observed optimal pH varied from 6.1 for oleic to 4.7 for acetic. It was 
shown in stability studies that the enzyme is increasingly inactivated dur- 
ing incubation at 37° as the pH is decreased below 4.9. The observed 
optima for the different acids in the esterifying system are probably due 
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to the interaction of several factors. At the observed optima the enzyme 
was most active in respect to hydrolysis with the short chain acids and most 
active in esterification with the long chain acids. 
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THE FORMATION OF MONOIODOTYROSINE AND 
AN INTERMEDIATE IODINE COMPLEX 
BY THYROID HOMOGENATES* 


By JAMES B. WYNGAARDENj{ ano JOHN B. STANBURY 


(From the Department of Medicine, Harvard Medical School and Massachusetts General 
Hospital, Boston, Massachusetts, and the Laboratory of Chemical Pharmacology, 
National Heart Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, May 19, 1954) 


Biosynthesis of organic iodine by thyroid homogenates was first demon- 
strated by Morton and Chaikoff (1). Weiss (2) recently described the 
biosynthesis of diiodotyrosine-like and thyroxine-like organic iodine in 
thyroid homogenates supplemented with copper and tyrosine. Fawcett 
and Kirkwood (3) restudied Weiss’ system and concluded that only mono- 
iodotyrosine was formed. They found that added tyrosine served as the 
iodine receptor and that thyroid protein was not iodinated in this system. 
They further claimed that copper brought about non-enzymatic oxidation 
of iodide to iodine, which then served as substrate for a one-step iodinating 
enzyme, tyrosine iodinase, yielding monoiodotyrosine. The present authors 
had previously also described a homogenate system in which the predomi- 
nant organic product obtained was monoiodotyrosine (4). 

In the authors’ experiments, thyroid homogenates contained within di- 
alysis bags concentrated I'*!-labeled iodide from the surrounding medium 
to a significantly greater extent than did other tissues. Most of the labeled 
iodide taken up proved not to be incorporated into protein, for not only was 
there partial reversibility on dialysis, and partial non-precipitability, but 
following alkaline hydrolysis of the precipitable material most of the I'*! 
appeared on chromatograms as inorganic iodide. 

The present report concerns an extension of these studies. The bio- 
synthesis of monoiodotyrosine by an unfortified dilute homogenate of hy- 
perplastic thyroid tissue has been confirmed. However, the major portion 
of the incorporated I'*! is not in the form of an iodinated amino acid, but 
exists in some form in which it is slowly extractable into CS: and appears 
then to be elemental iodine. Utilization of iodide is not influenced by 
addition of tyrosine, but copper does exert an augmentative effect. Utili- 


* The portion of this study conducted in Boston was supported in part by grants 
from Parke, Davis and Company, Detroit, Michigan, the Atomic Energy Commis- 
sion, and an institutional grant to the Massachusetts General Hospital from the 
American Cancer Society. 

t Present address, National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, Bethesda, Maryland. 
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zation is inhibited by catalase, and the probable participation of peroxide 
as the oxidant of the unfortified system is thereby indicated. 


EXPERIMENTAL 


Homogenate Preparation and Incubation Procedures—Male Sprague- 
Dawley and Wistar rats, weighing 150 to 200 gm., were fed ground Purina 
checkers containing 0.1 per cent propylthiouracil for 14 to 20 days and 
fasted overnight before use. They were killed with ether or by stunning, 
and their thyroids were rapidly excised and weighed. <A 3 per cent homog- 
enate was prepared in cold 0.1 m phosphate buffer, pH 7.4, and 2 ml. were 
placed inside an 8/32 Visking cellophane bag containing a Pyrex bead. 
The bag was placed within a 15 ml. test-tube containing 12.5 ml. of phos- 
phate buffer, 1 ue. of radioiodide, and sufficient KI to yield a final iodide 
concentration of 0.4 y per cent. Other experimental constituents were 
added to the medium, always limiting the total volume to 14.5 ml. The 
sealed tubes were kept in motion during equilibration in a cold room at 3°, 
after which an aliquot of each phase was counted. A radioactivity ratio 
of homogenate to medium (H :M/) greater than 1.0 indicated the concentra- 
tion of I'*' by the homogenate. Gibbs-Donnan equilibrium factors were 
ignored, since their effects were small and opposed to homogenate concen- 
tration of iodide. 

Elemental I'*' was prepared by iodate oxidation of radioiodide at pH 1, 
extraction into CCly, and evaporation of the solvent at 80° under a layer of 
0.1 m phosphate buffer, pH 7.4. 

Identification of Homogenate-Incorporated ['*'\—Precipitation of homogen- 
ates was performed with 1 volume of 10 per cent trichloroacetic acid. The 
precipitate was washed once with 2 volumes of 2.5 per cent trichloroacetic 
acid and once with 5 volumes of distilled water, and then dissolved in 1 ml. 
of 2 nN NaOH, and an aliquot was prepared for counting. The supernatant 
solutions were pooled and an aliquot was also prepared for counting. 

In reversibility studies, the homogenates were dialyzed against running 
tap water for 24 hours in a cold room. 

In homogenates prepared for chromatography 100 ue. of labeled iodide 
were used. The washed trichloroacetic acid precipitate was washed two 
additional times with 10 volumes of KI solution containing 1 y per ml., 
and then hydrolyzed in 1 ml. of 2 N NaOH in a sealed tube at 100° in an 
oven for 16 hours. The hydrolysate was adjusted to pH 3.5 with 6 Nn 
H.SO, and extracted three times with 3 volumes of n-butanol. An aliquot 
of the pooled butanol extract was used for chromatography without pre- 
liminary concentration, the collidine-NH;-water solvent system of Taurog, 
Tong, and Chaikoff (5) being employed. Alternatively, hydrolysis was 
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performed with trypsin (Armour).! Following dialysis of the homogenate 
for 21 hours, 1 ml. of 1.0 m phosphate buffer, pH 8.0, containing 7 mg. of 
crystalline trypsin was added per 1.5 ml. of homogenate and incubated at 
37° for 48 hours under toluene (6). Thereafter, the acidified hydrolysate 
was extracted with butanol, and the extract was used for chromatography. 
Compounds were located on the chromatogram by radioautography (5). 
The corresponding sections of the paper were cut out and counted directly 
with an end window Geiger-Miiller counter. 

The extent of breakdown of organic iodine was evaluated for both hy- 
drolytic procedures. Normal rats weighing 120 to 150 gm. were given 
60 to 75 we. of radioiodide intraperitoneally. 20 hours later their thyroid 
glands were excised, homogenized, treated with trichloroacetic acid, and 
hydrolyzed in NaOH, or hydrolyzed directly with trypsin. 

Homogenates were adjusted to pH 1 with 6 N H»SO, and extracted for 
prolonged periods with 5 volumes of CS: at room temperature. Small 
portions of CS. were removed at intervals for analysis. Chromatograms 
were prepared of the 4 hour extracts with and without the addition of 15 y 
of thiosulfate to the paper. Control extractions were also performed with 
both homogenized thyroids of normal rats which had received 75 ue. of 
I'3! 20 hours previously and homogenized normal glands to which labeled 
iodide had been added. 

Most of the samples of this study were pipetted in duplicate onto silvered 
copper planchets, dried, and counted with an end window Geiger-Miiller 
counter. Later samples were counted in a well-type thallium-activated 
sodium iodide crystal scintillation counter. 


Results 


24 hours of equilibration at 3° gave maximal H:M values, generally 
about 3:1, but on occasion as great as 6:1 (Fig. 1). Homogenate freed of 
intact cells, nuclei, and cell fragments by centrifugation for 10 minutes at 
600 X g incorporated labeled iodide about as well as whole homogenate 
(Table 1). Isotonie KCI or bicarbonate-KCI buffer, pH 7.3, was as satis- 
factory as phosphate buffer. 

pH Dependency—Concentration gradients were maximal at pH 7 to 7.5, 
and feil off sharply above and below this range (Fig. 2). The homogenate 
which developed a gradient of 1.3:1 at pH 11 achieved a final gradient of 
2.8:1 when equilibrated a second 24 hours at pH 6, thus demonstrating a 
reversible inhibition at high pH. 

Temperature— Labeled iodide utilization proceeded uniformly for 24 


''The authors are indebted to Armour and Company, Chicago, Illinois, for a gen - 
erous supply of trypsin (Armour Tryptar). 
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hours at 3°, but at 37° there was little significant incorporation after 8 a 
hours. However, during the initial few hours, the rate of utilization was _ * 
= 4.0 T T T th 
= 
ra) 
= 
< 30 a 
z 
< 
20- 
Zz 
uJ 
2 
Ke 
12 24 48 72 


HOURS OF EQUILIBRATION 
Fic. 1. Incorporation of labeled iodide by thyroid homogenates at 3°. The — 
values H:M represent I'*! concentration gradients of homogenate over medium after 


varying periods of equilibration. 


nat 
TaBLe | 
Effect of Various Compounds and Ions on Utilization of 1'3'-Labeled lodide by 
Hyperplastic Thyroid Homogenate 
The ratio H:W represents the concentration ratio between equal volumes of 
homogenate and medium at the termination of 18 to 20 hours of equilibration at 3°. | 
| Final | H ! Final H 
concen- | concen- 
tration | tration . 
| 
| od 
Controls (12 experiments) 2.3-2.9 | Thiosulfate 10-5 1.8 
Supernatant (600 q) 10-4 1.2 
Ileat inactivation 1.0, 1.0 1.1 
Propylthiouracil | 1077 | 2.8 Asecorbie acid 10-5 | 2.5 
| 10-* | 2.2 “ 
| 10-5 | 1.3 
Thioeyvanate 107 | 2.4 | 2.3 
10-5 | 14 Nitrate | | 2.4 
| 10°? | 1.0 | 1073 | 2.6 
asc 


greater at 37° than at 3° (Fig. 3). 


When the homogenate was placed in | P 

el 

boiling water for 60 seconds, complete inactivation occurred (Table I). | 
Inhibition of Uptake of Labeled Iodide by Reducing Substances—Thio- 
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cyanate and propylthiouracil in 10-* w concentrations completely inhibited 
iodide utilization by this homogenate system (4). 
these agents were capable of reducing elemental iodine, inhibition at the 


Inasmuch as both of 
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CONCENTRATION GRADIENT (H/M) 


PH 


© 


Fig. 2. Influence of pH of medium upon iodide utilization by thyroid homoge- 
nates at 3° during 24 hours of equilibration. 
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Fic. 3. Influence of temperature upon iodide utilization| by thyroid homogenates 


level of iodide oxidation was suspected. Two other reducing substances, 
ascorbic acid and thiosulfate, were also markedly inhibitory (Table I). 
Perchlorate and nitrate, two members of an anion series which inhibit col- 
lection of iodide in vivo (6), but which lack reducing properties, were with- 
out effect upon the utilization of labeled iodide in this system (Table I). 
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Augmentation by Copper—Copper augmented labeled iodide utilization, 
increasing concentration gradients to 9 or 10:1, but tyrosine, added to the 
homogenate phase, either alone or with copper, caused no augmentation 
(Table I1). Following equilibration, tyrosine was found by chromatog- 
raphy in the medium outside the bag, but iodinated tyrosine was not. 
Furthermore, butanol extracts of the homogenates contained no iodinated 
tyrosine, whereas following hydrolysis monoiodotyrosine and diiodotyro- 
sine were detected (Fig. 4, A and B). Therefore, iodination of the thyroid 
protein and not of the added tyrosine was taking place. These results are 
in contrast to those obtained by Fawcett and Kirkwood (3) with Weiss’ 
system. 


TaBLeE II 
Augmentation of Labeled Iodide Utilization of Copper 

| H 

Final concentration i 


* The animals used in this experiment were pretreated with a low copper-low io- 
dine diet (7) containing 0.1 per cent propylthiouracil. Note that all H:M ratios 
are somewhat higher than usual. Temperature, 3°. 


No other cation tested could replace copper. Nickel, cobalt, magnesium, 
manganese, calcium, ferric iron, and zinc were without effect in 1.3 & 10° 
M concentration. Iron, in Fawcett and Kirkwood’s system, was weakly 
active as a replacement for copper, but in our system was repeatedly nega- 
tive. Efforts to evaluate the effect of copper complex-forming agents were 
abandoned when it was found that cyanide, 8-hydroxyquinoline, diethyl- 
dithiocarbamate, and Versene all rapidly reduced or reacted with free iodine 
in the test-tube. 

Peroxidase Inhibitors—Since there is evidence favoring peroxidase as the 
iodide-oxidizing system of the thyroid (8, 9), a study of peroxidase inhibi- 
tion was undertaken. The addition of catalase? to the homogenate com- 
pletely inhibited iodide utilization, and its addition to the medium phase 
outside the bag considerably reduced incorporation (Table III). Heat- 
inactivated catalase was not inhibitory. Azide, sulfide, and cyanide abol- 
ished incorporation, but it is difficult to be certain that they functioned as 


2 The authors wish to acknowledge a generous gift of recrystallized calves liver 
catalase from Dr. C. B. Anfinsen. 
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tributed only an oxidizing enzyme and that non-specific iodination of pro- 
tein has occurred. 70 per cent of the organic iodine found in this system 
is monoiodotyrosine, a result in accord with non-enzymatic iodination 
studies with keratin (19) and pepsin (20). However, it is not possible from 
the data at hand to exclude the presence of an enzymatic iodinating enzyme, 
such as that described by Fawcett and Kirkwood (3), in addition to the 
oxidizing system. 

The inhibition by catalase is strong support for the peroxidase theory of 
iodide oxidation, despite the difficulty of interpreting the effects of other 
inhibitors. The minimal incorporation of iodide by heated homogenate 
in the presence of copper suggests that non-enzymatic oxidation, of iodide 
is quantitatively unimportant in this system. The augmentative effect of 
copper upon the unheated system suggests an influence on production of 
peroxide, as one possible explanation, and, as an example, the copper- 
catalyzed oxidation of ascorbic acid (21) comes to mind. Both ascorbic 
acid (22) and copper (23) are present in thyroid in high concentration. 

The major portion of I'*! found chromatographically following alkaline 
hydrolysis migrates as iodide, but the identity of the forward portion of 
I'' found after enzymatic hydrolysis is uncertain. The I'* extractable 
from unhydrolyzed homogenate with CS, is volatile and migrates chro- 
matographically as iodide when NaeSeO; is added. Iodine has been dem- 
onstrated in normal thyroid tissue (24). However, the difficulty of extrac- 
tion suggests that decomposition of some component, rather than simple 
dissociation of bound Iz, has occurred during CS: exposure. Control studies 
indicate clearly that the organic iodine normally found in the thyroid is 
not involved and that slow oxidation of iodide is not important. It seems 
plausible at present, therefore, to regard the source of the CSe-extractable 
I'3' as the unknown component of this system migrating irregularly near 
the front of the chromatogram (see Figs. 4, B and C, and 5, C) and possibly 
representing an intermediate I, complex originally associated with a pro- 
tein or lipoprotein component of the homogenate. Its accumulation zn 
vitro at 3° indicates an arrested metabolic process, and the low tempera- 
ture and duration of operation would appear at present to be the chief 
points of difference between this and other thyroid homogenate systems in 
which this component has not been observed. 


SUMMARY 


Homogenates of hyperplastic thyroid tissue of rats have been shown to 
utilize I'*'!-labeled iodide when incubated at 3° by an equilibration tech- 
nique. Incorporation is inhibited by various reducing agents, by heat 
inactivation of the homogenate, and by catalase, but not by perchlorate 
and nitrate, two agents which block accumulation of iodide ion by the thy- 
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roid in vivo. Copper augments utilization. Heat-treated homogenate can 
utilize labeled iodine, but, even when copper is present, it cannot utilize 
labeled iodide to any noteworthy extent. This system, therefore, does not 
accumulate iodide ion, but incorporates iodide only following its oxidation 
toiodine. It is suggested that this oxidation is chiefly enzymatic, enhanced 
by copper and dependent upon peroxide as the active oxidant. The non- 
enzymatic oxidation of iodide by copper appears quantitatively unim- 
portant in this system. 

Incorporated ['*' has been shown to exist primarily in two forms in this 
system. About 50 to 70 per cent exists in a form from which it is slowly 
extractable into CS. and then appears to be Ix. The possibility that de- 
composition of an intermediate I, complex has occurred during extraction 
is discussed. About 20 to 30 per cent exists as monoiodotyrosine, and 
smaller amounts as diiodotyrosine, and inconstantly also as thyroxine. 


The authors are grateful to Dr. Rosalind V. Pitt-Rivers for many helpful 
suggestions, and to Dr. Leonard Laster for assistance in some of the ex- 
periments. 
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FRAGMENTATION OF MYOSIN BY CHYMOTRYPSIN* 


By J. GERGELY,f M. A. GOUVEA, ann D. KARIBIAN 


(From the Cardiovascular Research Laboratory, Department of Medicine, Massachusetts 
General Hospital and Harvard Medical School, Boston, Massachusetts) 


(Received for publication, July 7, 1954) 


We have shown that trypsin digestion has a rather remarkable effect on 
myosin: there is a rapid drop in viscosity, accompanied by the liberation of 
a comparatively small amount of non-protein nitrogen.' The ability of 
myosin to form a superprecipitate with actin disappears, but, in sharp con- 
trast, the ATPase activity tends to increase. A fraction was isolated at 
r/2 = 0.06 that contained essentially all the ATPase activity of the intact 
myosin and therefore had a higher specific activity (1, 2). These findings 
found confirmation in the work of Perry (3). Subsequent work of Mihalyi 
and Szent-Gy6érgyi (4) revealed that trypsin action led to the formation of 
two ultracentrifugally distinct components, one of which carried the ATP- 
ase activity and a modified ability to combine with actin. On the basis 
of the molecular weight this fraction has been termed heavy and the other 
light meromyosin (5). 

In view of the fact that trypsin exhibits a fairly high specificity towards 
certain types of peptide bonds, it appeared of interest to investigate the 
action on myosin of another proteolytic enzyme having a different specific- 
ity (6). This report is concerned with the digestion of myosin by a-chy- 
motrypsin. It will be shown that despite the difference in specificity the 
effects of trypsin and chymotrypsin on myosin are very similar, and two 
fractions are obtained, the functional properties being localized in only one 
of them. 


* This work was supported by grants from the National Heart Institute of the 
National Institutes of Health, United States Public Health Service (H-1066), and the 
Muscular Dystrophy Associations of America, Inc. Preliminary reports of this 
work were presented at the Nineteenth International Physiological Congress, Mon- 
treal, September, 1953, and at the Forty-fifth meeting of the American Society of 
Biological Chemists, Atlantie City, April 12-16, 1954. 

+t This investigation was carried out during the tenure of an Established Investi- 
gatorship of the American Heart Association, Inc. 

!'The following abbreviations will be used in this paper: ATP = adenosinetri- 
phosphate, ATPase = adenosinetriphosphatase, ADP = adenosinediphosphate, 
= inorganic phosphate, DFP = diisopropy! fluorophosphate, ['/2 = ionic 
strength, NEM = N-ethyvl maleimide, EDTA = ethvyvlenediaminetetraacetate; ret, 
= relative viscosity. 
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Materials and Methods 


Actin-free myosin was prepared essentially according to Szent-Gy6rgyi 
(7), with modifications designed to remove contaminating actin (8). Actin 
was prepared according to Feuer et al. (9) and purified as F-actin by ultra- 
centrifugation according to Mommaerts (10). 

Trypsin (twice crystallized, salt-free), chymotrypsin (crystalline, salt- 
free), and soy bean trypsin inhibitor were obtained commercially from the 
Worthington Biochemical Corporation. The sodium salt of ATP was used 
(Pabst) and its purity checked spectrophotometrically and chromatograph- 
ically on a Dowex 1 ion exchange column. DFP and NEM were obtained 
from the Bios Laboratories, Inc. 

ATPase was measured as before (2) by determining the amount of P; 
liberated. The unit of activity is the amount of enzyme that liberates 
0.04459 umole of P; in 5 minutes (2) under the conditions of the test. 

Sulfhydryl groups were determined by decolorizing the pink of the nitro- 
prusside reaction by titration with either NEM (11) or methyl mercuri- 
hydroxide (12). P; was determined according to Fiske and Subbarow (13). 
Protein concentration was estimated by the micro-Kjeldahl procedure, the 
factor 6.2 being used for converting N values to protein, and the tyrosine 
and tryptophan content according to Goodwin and Morton (14). 

Viscosity measurements were carried out in Ostwald type viscometers, 
with outflow times of about 30 seconds at 25°. 

A Beckman model DU spectrophotometer was used for ultraviolet ab- 
sorption measurements, and a Coleman junior spectrophotometer for the 
P; determinations. 

Ultracentrifugal analyses were carried out in a Spinco model E ultra- 
centrifuge. 


Results 


Chymotrypsin Digestion and ATPase Activity, Viscosity, and Reaction with 
Actin—A solution containing 8 to 10 mg. of myosin per ml., adjusted to 
pH 7.5 by adding KHCOs, was incubated with 0.066 mg. of chymotrypsin 
per ml. at 25°. Fig. 1 shows that a rapid drop in viscosity occurs, quite 
analogously to the trypsin effect. The digestion can be stopped by addition 
of 10-4 m DFP (15) if the digest is to be used for further studies; about 5 
minutes are required for complete inactivation of the added chymotrypsin. 
At the same time the normal increase of viscosity on addition of actin be- 
comes smaller, and, conversely, ATP causes a smaller drop in the viscosity 
of the actin-containing solution. A striking change in the behavior to- 
wards actin is the disappearance of the superprecipitation reaction at an 
ionic strength of 0.12. It will be noted that the viscosity reaches a low 
value before the ATPase activity begins to decrease, there is a slow libera- 
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tion of non-protein N, and this liberation continues throughout the period 
of undiminished ATPase activity. Trypsin digestion, under the same con- 
ditions as those described above for chymotrypsin, produces roughly the 


0 10 20 30 60 O 10 20 30 40 50 60 
MINUTES MINUTES 
Fia. 1 Fig. 2 


Fig. 1. Effect of chymotrypsin digestion of myosin on ATPase activity, viscosity, 
and combination with actin. Abscissa, time of incubation; ordinate, percentage 
of value at O time. O, log nre1, of chymotrypsin digest. Chymotrypsin added at 0 
time (10 mg. of myosin per ml., 0.6 m KCl, pH 7.5, 0.066 mg. of chymotrypsin per 
ml., 25°). The viscosity was measured at 25°. Samples taken from the above digest 
at the times indicated and the reaction stopped with DFP. The samples were used 
for ATPase assays and for actin combination tests. @, ATPase activity; JJ, change 
in log mre1. on addition of ATP to a solution containing F-actin and sample from the 
chymotrypsin digest. The solution in the viscometer contained 0.5 ml. of sample, 
0.4 ml. of F-actin (3 mg. per ml.), 180 umoles of KCI, 5 umoles of MgCl. in a total vol- 
ume of 3 ml.; the viscosity was measured before and after adding 1 wymole of ATP-Na 
at 25°. 

Fig. 2. Liberation of non-protein N with changes in ATPase activity of myosin 
during trypsin and chymotrypsin digestion. Abscissa, time of incubation; left-hand 
ordinate, ATPase activity expressed as percentage of activity at 0 time; right-hand 
ordinate, liberation of non-protein N as percentage of total N. Details of incuba- 
tion given in the text. §, ATPase activity of chymotrypsin digest; 0, non-protein 
N liberated in chymotrypsin digest; @, ATPase activity of trypsin digest; O, non- 
protein N liberated in trypsin digest. For the non-protein N determination the di- 
gestion was stopped by adding trichloroacetic acid, final concentration 5 per cent. 
The acid mixture was allowed to stand for two hours at 0°, and the protein precipitate 
was removed by filtration through Whatman No.1 paper. The values were corrected 
for a small 0 time blank. 


same amount of non-protein N, although the ATPase activity is increased 
(Fig. 2).2. If the logarithm of the relative viscosity of the digest is plotted 


? The chymotrypsin effect cannot be due to a trypsin contamination, since 0.033 
mg. of trypsin inhibitor per ml., a quantity sufficient to counteract 0.066 mg. of tryp- 
sin, has no effect on the same amount of chymotrypsin under the conditions described 
above. 
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against c, the protein concentration (gm. per 100 ml.), a straight line is ob- 
tained. The slope of this line is proportional to the intrinsic viscosity, 
[n], since 


= [y] (Weber and Portzehl (16)) 


n/no) 
c 


for low concentrations, and hence, in this case, because of the straight line 
relationship, for all values of c.2 [yn] = (V/ 100)», where »v is the viscosity 
increment and V is the partial specific volume of the protein. For myosin, 
vy is about 160 (16) when V = 0.74, and for the chymotrypsin digest » = 
80. Since »v is a function of the molecular asymmetry (17), this change in- 
dicates the appearance of fragments of lower asymmetry. 

Ultracentrifugal Studies (Fig. 3)—A chymotrypsin digest of myosin, the 
reaction having been stopped by adding DFP after 5 minutes, shows two 
components on ultracentrifugal examination. The components sediment 
at the same rate as those appearing after trypsin digestion. The ratio of 
the two components, calculated from the areas under the peaks, is 61.5 + 
0.8 (fast) to 38.5 + 0.8 (slow). If a mixture of a trypsin‘ and a chymo- 
trypsin digest is placed in the analytical cell, again only two components 
appear, indicating a gross identity of the fragments obtained by means of 
the two enzymes. Addition of F-actin to the chymotrypsin digest results 
in the rapid sedimentation of the faster component, now as an actin com- 
plex, the slower moving fraction sedimenting at roughly its previous rate. 
Addition of ATP in the presence of Mgt*, added with a view to inhibiting 
ATPase, causes a dissociation of the actin complex, and the fast myosin 
component reappears, sedimenting at its original rate. This reversible 
combination of the faster component of the digest with actin occurs at any 
KCl concentration between 0.1 and 0.6 M. 

Fractionation of the Chymotrypsin Digest—In view of the close similarity 
between the results of chymotrypsin and trypsin digestion, it was natural 
to attempt a separation of the ATPase fraction from the inactive fraction 
on the basis of the insolubility of the latter at low ionic strength (1, 5). 
The digest® was accordingly dialyzed for 6 to 12 hours against 10 to 15 vol- 


3 In Weber and Portzehl (16) Z, the viscosity number, is used instead of [ny]. In 
defining Z the concentration is expressed in gm. per liter; hence [yn] = 10Z. 

‘Trypsin digests were prepared under the same conditions as chymotrypsin di- 
gests, except that only 0.033 mg. of trypsin per ml. was used. The digestion was 
stopped by adding the same amount of trypsin inhibitor. Fractionation was carried 
out in the manner described above for chymotrypsin digests. 

> The usual time for stopping the digestion by adding DFP was 5 minutes. It is 
advisable with each batch of myosin and solution of chymotrypsin, prior to the 
preparative experiment, to make a preliminary run in a viscometer and establish the 
time after which the viscosity changes only very little. The chymotrypsin should 
be added 3 to 5 minutes earlier in the preparative run. 
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umes of 0.015 m PO, buffer, pH 7.0, 0°. The precipitate was centrifuged 
and redissolved in 0.6 Mm KCI, 0.015 Mm PO, pH 7.0, and the dialysis re- 
peated. This fraction was essentially free of ATPase activity and its ul- 
tracentrifugal pattern consisted only of the component sedimenting at the 
slower rate. It was dissolved in'0.6 Mm KCI, 0.015 mM pH 7.0. It 


Fic. 3. Sedimentation patterns of myosin digests. 0.6 M KCI, 0.015 M potassium 
phosphate buffer, pH 7.0; 56,100 r.p.m.; temperature IS-19°.) A, chymotrypsin di- 
gest of myosin, 9 mg. of protein per ml., 66 minutes after reaching full speed, bar 
angle 50°; B, 98 minutes, bar angle 40°. C, upper curve, trypsin digest; lower 
curve, chymotrypsin digest; 59 minutes, bar angle 60°. D, 1:1 mixture of digests in 
C’, 59 minutes; #, 139 minutes. Bar angle 45°. Combination with actin and effect 
of ATP: F, upper curve, chymotrypsin digest of myosin (6.0 mg. per ml.), salts as 
above, containing 3.0 mg. of actin per ml.; lower curve, for comparison, represents 
heavy component of digest alone; 4 minutes; G, 52 minutes. H, composition as in 
F with addition of 10°? m MgCle and 3 & 10°‘ mM ATP; 40 minutes. Bar angle 55°. 
Direction of sedimentation from right to left. Where two curves appear, two sam- 
ples were run simultaneously by means of a wedge window cell (Specialized Instru- 
ments Corporation). The upper curve, meniscus slightly displaced to the left, is 
that of the sample in the wedge window cell. 


should be noted that, in contrast to the behavior of the trypsin digest (5), 
no crystallization occurs on dialysis, even if there is an interval of 8 to 10 
days between the digestion and dialysis. In anticipation of the results to 
be described below this inactive fraction may be termed the light chymo- 
trypsin fraction. It may be preferable, for the time being, not to use the 
term meromyosin until a closer analysis of both trypsin and chymotrypsin 
fractions will permit a decision as to the possible chemical identity of the 
products. If they differ, one would have to speak of trypsin and chymo- 
trypsin meromyosins, respectively. Furthermore, the question of the ex- 


; fe 3 
\ d i ol x 
4 
j 
| 
l 


170 FRAGMENTATION OF MYOSIN 


istence of preformed units in myosin, as will be discussed below, should also 
be considered in deciding on the nomenclature. 

ATPase was purified by means of ammonium sulfate fractionation. 24.5 
to 26.5 gm. of ammonium sulfate were added at 0° (42 to 45 per cent satu- 
ration) to every 100 ml. of the supernatant fluid after the removal of the 
light fraction, the exact amount being determined by the appearance of a 


Fig. 4. Sedimentation patterns of fractions isolated from chymotrypsin digest 
of myosin. 0.6 mM KCI, 0.015 mM potassium phosphate buffer, pH 7; 56,100 r.p.m. A, 
upper curve, heavy fraction (4.1 mg. per ml.); lower curve, light fraction (5.2 mg. 
per ml.); 33 minutes; B, 49 minutes; C, 65 minutes, bar angle 65°. D, upper curve, 
mixture of chymotrypsin light fraction (5.3 mg. per ml.) and trypsin light fraction 
(4.1 mg. per ml.); lower curve represents, for comparison, trypsin light fraction alone; 
41 minutes; /, 91 minutes. Bar angle 60°.) G@, mixture of chymotrypsin heavy frac- 
tion (4.4 mg. per ml.) and trypsin heavy fraction (6.1 mg. per ml.); 65 minutes, bar 
angle 60°; H, 93 minutes, bar angle 45°. Direction of sedimentation from right to 
left. Where two curves appear, two samples were run simultaneously by means of 
a wedge window cell (Specialized Instruments Corporation). The upper curve, with 
the meniscus slightly displaced to the left, is that of the sample in the wedge window 
cell. 


slight precipitate. This was removed by centrifugation and to the super- 
natant fluid, still at 0°, 6.0 to 8.0 gm. of ammonium sulfate were added for 
every 100 ml. to bring the saturation to 55 per cent. While the ammonium 
sulfate was being added, the pH was kept at 7.0 by means of dropwise ad- 
dition of 0.8 m NH,OH. The precipitate was centrifuged at 18,000 * gq, 
redissolved in 20 to 30 ml. of 0.015 m PO, buffer, pH 7.0, and dialyzed 
against the same buffer until no NH, could be detected by Nessler’s reac- 
tion in the outer liquid. If any precipitate appeared during dialysis, it 
was centrifuged at 18,000 & g and discarded. This fraction will be called 
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the heavy chymotrypsin fraction (see below). The procedure follows very 
closely, with some modifications, that of Szent-Gyérgyi (5) for trypsin 
digests. 

Properties of Fractions—The heavy fraction carries the ATPase activity. 
This will be dealt with in some detail in the next section. Both fractions 
appear essentially homogeneous in the ultracentrifuge and, if each fraction 


TABLE I 
Solubility of Chymotrypsin-M yosin Fractions in KCl and (NH4).SO, 

0.0015 Mm PO, buffer, pH 7.0, and salt as indicated. The solutions were allowed to 
stand at 0° for 4 hours and centrifuged at 18,000 * g, and the optical density of the 
supernatant fluid was determined. In the KCl experiments, light fraction, 3.0 mg. 
of protein in 5.0 ml.; heavy fraction, 1.9 mg. of protein in 5.0 ml. In the (NH,)2SO, 
experiments, light fraction, 6.6 mg. of protein in 4.0 ml.; heavy fraction, 5.0 mg. in 
4.0 ml. The values are optical density readings at 280 my, 1 em. light path. 


Salt | Light fraction | Heavy fraction 
} 
0.06 m KCl | 0.015 | 0.275 
0.10“ ().032 | ().282 
0.15“ 0.136 0.279 
0.20% (). 200 | 0.283 
0.25“ 0.215 ().275 
0.30 ().232 0.274 
0.48 0.246 | 0.273 
0.60 0.248 | ().272 
6.7% saturated (NH4)2S0O,4 0.690 | 0.885 
20.0% 0.705 (). 887 
33.4% +6 0.695 0.890 
40.0% | 0.672 | 0.887 
| 0.390 | 0.880 
46.5% ae 0.253 | 0.880 
50.0% 0.120 | 0.884 
56.6% 0.045 0.553 


66.6% 0.040 0.025 


is mixed with the corresponding trypsin fraction,‘ the mixture is homoge- 
neous (Fig. 4). The heavy fraction combines with actin, as evidenced by 
the appearance of a very rapidly sedimenting component and the disap- 
pearance of the normal ‘‘theavy” peak. Addition of ATP causes dissocia- 
tion of this complex. Such combination may be also demonstrated vis- 
cosimetrically, although the resulting increase on addition of actin is much 
less than in the case of native myosin. 

Table I shows the solubility of the chymotrypsin fractions in KCI and 
(NH4)sSO,y. The similarity between these and trypsin fractions (5) is ob- 
vious. The ATPase-free fraction is quite insoluble at low KCl concentra- 
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tions. There is again a distinct difference between the light and the heavy 
fraction as regards solubility in ammonium sulfate, although the actual 
ammonium sulfate concentration at which precipitation occurs is a func- 
tion of the protein concentration. 
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Fic. 5. Effect of concentration on the sedimentation constants of chymotrypsin- 
myosin fractions. 0.015 mM potassium phosphate buffer, pH 7.0,06m KCl. @, light 


fraction; A, heavy fraction. 
Fic. 6. Spectra of myosin fractions in 0.1 N NaOH. Chymotrypsin digestion, X, 


light fraction (0.596 mg. per ml.); O, heavy fraction (0.76 mg. per ml.); trypsin di- 
gestion, @, light fraction (0.56 mg. per ml.); A, heavy fraction (0.75 mg. per ml.). 


TaBLeE II 
Some Chemical Characteristics of Fractions Isolated from Digests of Myosin 


| Sulfhydry] 


Fraction | Tyrosine | Tryptophan | 
| 
30 | 6 | 6-7 


The values are expressed as moles per 10° gm. of protein. Tyrosine and trypto- 
phan were determined spectrophotometrically (14); the sulfhydryl groups, by de- 
colorizing the pink of the nitroprusside reaction (11, 12). 


If the logarithms of the relative viscosities of the two components are 
plotted against the respective concentrations, straight lines are obtained. 
The values for the viscosity increments are 135 for the light, 34 to 54 for 
the heavy fraction. There is a remarkable agreement between these values 
and those obtained by Szent-Gyorgyi for the trypsin fractions. The high 
v for the light fraction shows it to be rather highly asymmetric (axial ratio, 
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p = 42). Sedimentation constants were obtained for the two chymotryp- 
sin fractions (Fig. 5), that of the heavy fraction extrapolating to the value 
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Fig. 7. Effect of pH on the ATPase fraction of a chymotrypsin digest of myosin. 
The reaction mixture contained 200 umoles of histidine buffer, 20 umoles of CaCls, 
200 umoles of KCI, 1.6 umoles of ATP, and 50 y of enzyme in a total volume of 2 ml.; 
39°. 

Fic. 8. Effect of K* concentration on ATPase (O, myosin; A, chymotrypsin, 
heavy fraction; 0, trypsin, heavy fraction). The reaction mixture contained 200 
umoles of glycine buffer, pH 9.2, 20 umoles of CaCl. , 1.6 umoles of ATP, and 100 
units of enzyme in a total volume of 2 ml.; 39°. 


= 
a oO NO EDTA 
z 
os | 
4g - NO | 
VER- | 
= SENE 
= 2 | 
CONC.,M EDTA, M 
9 Fig. 10 


Fig. 9. Effect of Catt and Mg** ions on the ATPase fraction of a chymotrypsin 
digest of myosin. The reaction mixture contained 200 umoles of glycine buffer, pH 
9.2, 200 umoles of KCI, 1.6 umoles of ATP, and 30 y of enzyme. In the experiments 
with Mg**, [Ca**] = 10°? om. 

Fig. 10. Effect of EDTA on the ATPase activity. O, myosin (100 y in 2 ml.); 
Y, chymotrypsin, heavy fraction (57 y in 2 ml.); X, trypsin, heavy fraction (65 
in 2 ml.). Components of reaction mixture as in the legend to Fig. 9. No Ca**, 
except for the points in the upper right-hand corner. 


of 7.2 8, and that of the light to 2.88. No diffusion constants have been 
determined, but in view of (1) the fact that the chymotrypsin fractions, if 
mixed with the corresponding trypsin fractions, have only a single peak in 
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the ultracentrifuge, (2) the agreement between the viscosity increments of 
the trypsin and chymotrypsin fractions, and (3) the agreement between the 
corresponding sedimentation constants, it is quite likely that the analogous 
fractions have the same molecular weight, viz. about 100,000 for the light 


and 220,000 for the heavy, that was calculated for the trypsin fractions on 
the basis of sedimentation and diffusion constants (5). 


fractions. The two components obtained with either enzyme differ con- 
siderably, but the corresponding components in the two digestions are in- 
distinguishable by this criterion. The tyrosine and tryptophan content 
was calculated from the spectra (14). These figures, together with the | 
sulfhydryl content of the four fractions, are reported in Table II. It will 
be seen that in these respects, too, there are appreciable differences between — | 
the heavy and the light fractions. Comparison of the corresponding frac-  _ 


TaBLe III 
ATPase Activity of Fractions Isolated from Digests of Myosin 


Units per mg. | Per cent 
BOAVY..... | 3000-5000 | 150-200 


tions, heavy with heavy, light with light, produced by trypsin and chymo- 
trypsin, respectively, on the other hand, does not reveal significant differ- 
ences. 

AT Pase—Fig. 7 illustrates the effect of pH, Fig. 8 that of K+, and Fig. 9 
that of Cat* and Mgt ions on the ATPase activity of the heavy fraction. 
The behavior of this fraction with respect to these parameters is in agree- 
ment with the behavior of both native myosin and the trypsin-ATPase 
fraction (2). Recent reports (18, 19) indicate that EDTA has an activat- 
ing effect on myosin. Fig. 10 shows that both the trypsin and chymotryp- 
sin ATPase fractions are stimulated by EDTA, roughly to the same ex- 
tent asmyosin. From Table III it appears that the chymotrypsin product, 
as well as ATPase obtained from the trypsin digest, has an increased spe- 
cific activity. 


DISCUSSION 


It has been clearly shown that trypsin specifically splits peptide bonds 
involving the carboxylic group of a basic amino acid (6). Chymotrypsin, 


Fig. 6 presents the ultraviolet spectra of the trypsin and chymotrypsin — )} 
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on the other hand, preferably attacks peptide bonds in which the carboxylic 
group of amino acids containing aromatic rings (tyrosine, tryptophan, 
phenylalanine) takes part. These facts have been established mainly on 
various synthetic substrates, but the work of Sanger and Tuppy (20) on 
insulin clearly indicates that the specificity of these enzymes is the same 
when the peptide bonds actually occur in proteins. They isolated the 
fragments of insulin produced by the action of these enzymes and deter- 
mined the end-groups liberated. From their results it is evident that the 
range of action of the two enzymes never overlaps. 

In view of these facts it is of interest that both these enzymes decompose 
myosin in a grossly identical manner. The present data do not allow us to 
decide the question of whether the fragments appearing after digestion 
exist in the original molecule. Peptide bonds are certainly broken, since 
work in progress shows that both trypsin and chymotrypsin digestion leads 
to the liberation of N-terminal, as well as C-terminal groups.® It is, how- 
ever, not at all obvious that the peptide bonds broken were holding to- 
gether the resulting fragments.’ For, according to Tsao (21) urea treat- 
ment leads to fragmentation of myosin without liberation of end-groups. 
Thus the possibility arises that myosin originally exists as an aggregate of 
subunits held together by secondary valences, bonds that are split by urea, 
and proteolytic enzymes may alter the surface of these subunits in such a 
way that the linking forces become inoperative. This picture would explain 
the, at first glance surprising, result that myosin could be broken down in a 
similar way by proteolytic enzymes of different specificity. 

If this is the case, two kinds of subunits exist in myosin, but the frag- 
ments isolated from the digests are already modified forms. Work in prog- 
ress shows that in their finer structure, e.g. C-terminal groups, the trypsin 
fragments differ from the chymotrypsin fragments. Another difference lies 
in the fact that the light trypsin fraction readily crystallizes at low ionic 
strength, whereas the corresponding chymotrypsin fraction does not. 
Trypsin digestion leads to an activation of ATPase, persisting even after 
60 minutes of digestion, whereas chymotrypsin digestion of 30 minutes 
produces some loss of activity. An important point that should be clari- 
fied in the future is the relation of the urea fragments of Tsao to the frag- 
ments obtained after enzymatic digestion. 

An alternative picture is one that does not involve the existence of dis- 
tinct subunits in myosin, but the fragments appearing on digestion are 


®* Gergely, J., Gouvea, M. A., and Karibian, D., in preparation. 

7 Although the results are discussed in terms of only peptide bonds being broken 
hy the proteolytic enzymes, in view of their known ability to split ester linkages (6). 
the participation of such linkages in the protein structure of myosin cannot be rulec 
out at the moment. 
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originally linked together by one or more polypeptide sequences containing 
some bonds susceptible to trypsin and some susceptible to chymotrypsin. 
A similar situation seems to exist in the case of phosphorylase (22). <A 
limiting case of this possibility would be a structure in which certain regions 
in the protein consist of polypeptide chains lacking cross-linking but con- 
taining the sensitive peptide links. On the basis of our findings the possi- 
bility of subunits connected by one or more single peptide bonds can be 
excluded, for in this case it would be difficult to understand how enzymes 
of different specificity could act in a similar way. 

Another aspect of interest emerges from this investigation. There exist 
now three ATPases in homogeneous form, myosin itself, the trypsin product, 
and the chymotrypsin product, showing the same dependence on various 
ions, pH, EDTA. Yet the three enzymes are chemically different, and one 
of them, myosin, differs also with respect to molecular weight and shape. 

No attempt is being made at this stage to construct a definitive mo- 
lecular model based on the fragments obtained to date. Recent work 
would suggest that the ATPase fractions can be broken down to smaller 
units without loss of activity,° and smaller units seem to emerge from the 
inactive fraction after urea treatment (23). In view of all this, speculation 
in terms of ultimate subunits would seem premature, and a final assign- 
ment of nomenclature should, perhaps, wait for the clarification of some of 
the problems indicated. 


SUMMARY 


1. A short digestion with chymotrypsin leads to a decrease in the vis- 
cosity of myosin, and the superprecipitation reaction with F-actin disap- 
pears. ATPase activity remains essentially unchanged. 

2. The ultracentrifugal sedimentation pattern of the digest reveals the 
presence of two components. 

3. Two fractions have been isolated from the digest; one of them carries 
the ATPase activity, having an increased specific activity and a modified 
ability to combine with F-actin. The fragments isolated from the chymo- 
trypsin digest are ultracentrifugally indistinguishable from those isolated 
from a trypsin digest. 

4. The influence of various factors on the ATPase from the chymotryp- 
sin digest, as well as on native myosin and the ATPase from a trypsin di- 
vest, has been studied. 

5. The relation of the fragments obtained by treatment of myosin with 
chymotrypsin to those obtained after trypsin tre.ument has been discussed 
in terms of the differences in the specificity of the two enzymes and on the 
basis of agreements and differences in the properties of the fractions. 
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6. Questions relating to the existence of preformed subunits in myosin 


have been discussed. 


The authors are indebted to Dr. Karl Schmid and Miss Virginia Farrell 


for the ultracentrifugal analyses. 
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NUCLEIC ACID COMPOSITION OF HUMAN LIVER CELL 
FRACTIONS* 


By PETER 8. OLMSTED ann CLAUDE A, VILLEE 


(From the Department of Biological Chemistry, Harvard Medical School, and 
the Research Laboratories of the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, April 26, 1954) 


The tetranucleotide hypothesis of nucleic acid structure was shown to be 
invalid by Vischer and Chargaff (1). It has now been amply confirmed 
that the proportions of ribonucleotides vary from species to species and 
even from organ to organ of the same species. There is evidence, more- 
over, that the nucleic acid within a single cell may be heterogeneous. Var- 
iations in the proportions or sequence of the several ribotides or in the type 
and amount of branching might cause this heterogeneity. Only the first 
has been demonstrated (2-5); the other types may also be present. 

In most of these studies, the nucleic acid analyzed was first isolated 
and partially purified. The ribotide ratios obtained on analysis may dif- 
fer from the true ratios of the RNA (ribonucleic acid) in situ if the RNA 
is not completely extracted from the tissue and if one kind of RNA is ex- 
tracted preferentially, or if the ribotide composition is changed during, and 
as a result of, the isolation and purification procedures (6, 7). These dif- 
ficulties can be minimized by a quantitative extraction and characteriza- 
tion of the RNA present. It is clearly important that the RNA extracted 
be reasonably pure and free of contaminating RNA from other cellular 
fractions. 

The present studies provide evidence for the existence of heterogeneity 
in the ribonucleic acids from centrifugally separated cell fractions and 
present some data on the composition of human fetal liver. 


Materials and Methods 


The tissues studied included human fetal liver, obtained at therapeutic 
interruptions of pregnancy, adult human liver, obtained from normal livers 
during laparotomies, and adult rat liver from Wistar strain rats. Each 
tissue sample was blotted to remove blood, freed of gross connective tissue, 
weighed, and then finely ground in 0.25 m sucrose in a Potter-Elvehjem 


* Aided in part by an institutional grant from the American Cancer Society and 
by the Charles A. King and Marjorie King Fund. 

+ Present address, Department of Biology, Division of Biochemistry, Massachu- 
setts Institute of Technology. 
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glass homogenizer. The suspension was separated by the differential cen- 
trifugation procedure of Hogeboom and Schneider (8) into nuclei, mitochon- 
dria, microsomes, and supernatant fractions. Microscopic examination 
revealed that the nuclear fraction contained a few mitochondria and some 
erythrocytes but no unbroken liver cells, that the mitochondrial fraction 
consisted of free and a few agglutinated mitochondria but no nuclei, and 
that the microsome and supernatant fractions were free of visible contam- 
inants. 

The mitochondria and microsomes were extracted by a modification of 
the method of Ogur and Rosen (9). Preliminary experiments showed 
that this gave better separation than either the Schneider (10) or Schmidt- 
Thannhauser (11) procedures. Lipides were extracted with two portions 
of boiling 3:1 ethanol-ether. An acid-soluble fraction was obtained by 
two extractions of the residue with ice-cold 0.2 N perchloric acid. Over- 
night extraction with 1 N perchloric acid at room temperature, followed by 
two washes of the residue with 1 N perchloric acid, removed the ribonucleic 
acid fraction. Two further extractions of the residue with 1 n perchloric 
acid at 80° for 30 minutes failed to extract any additional RNA. The 
final protein residue was dissolved in 1 Nn KOH. 

This procedure proved unsatisfactory for the nuclear fraction: the RNA 
and DNA (deoxyribonucleic acid) were not sharply separated, and some 
DNA components were extracted by the cold perchloric acid. A modified 
Schmidt-Thannhauser (11) procedure was finally adopted. After the 
lipide and acid-soluble fractions had been removed, the residue was ex- 
tracted overnight at 5° with 1 N KOH. Acidification with concentrated 
perchloric acid precipitated the DNA, protein, and KCI1O, and left the 
RNA nucleotides in solution. The precipitate was washed twice with cold 
1 nN perchloric acid and then twice extracted with 1 N perchloric acid at 
80° for 30 minutes to remove the DNA. The protein residue was dissolved 
in 1 N KOH. 

Since the supernatant fraction contained RNA in solution initially and 
since some, at least, of this RNA might be in the form of small acid-soluble 
polynucleotides, it was made 1 N with respect to KOH and hydrolyzed 
overnight at room temperature. It was then adjusted to pH 8 with con- 
centrated perchloric acid and extracted repeatedly with 4:1 chloroform- 
octanol to remove the protein (12). 

The solutions containing the RNA components extracted from the other 
cell fractions were similarly treated overnight at room temperature with | 
N KOH to convert all the RNA to mononucleotides. The solutions were 
then adjusted to pH 8 to 9 and their component nucleotides separated by 
ion exchange chromatography on a column of Dowex 2 by the method of 
Cohn (13), with HCl as an eluting agent. The optical density at 260 my 
of the effluent fractions was plotted against effluent volume to obtain the 
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chromatograph. Each peak was identified by determining its optical den- 
sity over the range 220 to 290 my in both acid and alkaline conditions (14, 
15). 

Each chemical fraction was analyzed for phosphate (16). The RNA 
and DNA fractions, separated from the whole homogenate and from nuclei, 
mitochondria, and microsomes, were analyzed for pentose by the orcinol 
(9) and eysteine-sulfurie acid (17) methods and for deoxyribose by the 
eysteine-sulfurie acid procedure (18). The cysteine-sulfurie acid reaction 
for ribose was more specific than the orcinol reaction, but gave low values 


TABLE I 
Phosphorus Content of Cell Fractions from Human Fetal Liver 


The results are expressed as mg. of P per gm. wet tissue. The number of samples 
is given in parentheses. Each sample was analyzed in duplicate. 


Super- 
0.251 0.167 | 0.210 1.43 (4) 
Acid-soluble P............ 0.023 0.030 | 0.016 0.103 (4) 
0.212 0.073 | 0.138 0.364 (4) 
0.332 0.027 | 0.029 0.260 (4) 
0.010 0.006 | 0.005 0.027 (4) 
0.828 | 0.303 | 0.398 2.458* | 2.184 (4) 
separate deter- | 
mination............. 0.879 0.302 | 0.421 | 0.929 | 2.531 | 2.50 (6) 
Average recovery (dur- | 
ing extraction pro- | 
cedure), %......-..-.| 94.2 100.1 94.7 97.2 


* Including total phosphorus of supernatant fraction determined separately. 


compared to those calculated from the orcinol reaction, ultraviolet absorp- 
tion data, and phosphorus determinations. 


Results 


The results of the phosphorus determinations on the various chemical 
and cellular fractions are presented in Table I. A comparison of the phos- 
phorus content of the whole suspension before centrifugation (2.50 mg. of 
P per gm.) with the sum of the phosphorus present in the lipide, acid-solu- 
ble, RNA, DNA, and protein components of each of the cell fractions (2.458 
mg. of P per gm.) gave an average recovery of 98.2 per cent during centri- 
fugation and extraction. Except for one early preparation, the range of 


recoveries was 89 to 106 per cent. 
The recovery during the hydrolysis and ion exchange chromatography 
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steps was estimated by comparing the total RNA content of a given cell 
fraction with the sum of the nucleotides recovered from the ion exchange 
column. The RNA originally present in each cell fraction was determined 
from its ultraviolet absorption and the extinction coefficient of acid-treated 
RNA (31.2 per mg. of RNA) (9, 19, 20). The nucleotides were estimated 
from the optical densities and the extinction coefficients of the nucleotides 
at 260 mu (14, 15). The recoveries in the several experiments ranged from 
84 to 103 per cent and averaged 94.3 per cent. Thus the average over-all 
recovery, from initial liver tissue to final separated nucleotides, was 98.2 
X 94.3 = 92.6 per cent. 

The purity of the RNA and DNA fractions was determined by ribose, 
deoxyribose, phosphate, and ultraviolet. absorption measurements. These 
independent estimates of the nucleic acid fractions indicated that the nu- 
clear and whole homogenate RNA fractions were contaminated with some 
DNA; the mitochondrial and microsomal RNA appeared to be free of ex- 
traneous material. In general, the results from phosphorus and ultraviolet 
absorption analyses were in good agreement; those from pentose analyses 
somewhat poorer.! 

The analyses summarized in Table I show that, in the cytoplasmic frac- 
tions, the lipide phosphorus comprises more than half of the total phos- 
phorus. The largest phosphorus-containing fraction in the nuclei is DNA; 
the nuclei contain approximately equal amounts of RNA phosphorus and 
lipide phosphorus. About 35 per cent of the total phosphorus of the 
microsomes is RNA phosphorus; this is a greater fraction of the total phos- 
phorus than that found in any other cell fraction. 

The molar ratios of the ribonucleotides present in the various cell frac- 
tions of human fetal and adult and rat adult livers are presented in Table 
II. In all the cell fractions of all three types of liver, the RNA is rich in 
guanylic and cytidylic acids. This has generally been found to be true in 
other mammalian tissues. Human liver, both fetal and adult, may be 
somewhat richer in guanylie and cytidylic acids than rat liver. 

The RNA components from all four cell fractions of adult rat liver had 
essentially the same molar ratio of constituent ribotides. Human liver, 
however, appears to have at least three types of RNA, characterized by dif- 
ferent molar ribotide ratios. One of these is found in the nucleus, one in 
the mitochondria and microsomes, and one in the supernatant fraction. 
In fetal liver, only one analysis is available for nuclear and supernatant 


1 The following conversion factors were used: mg. of P per gm. of tissue & 10.48 = 
mg. of RNA per gm. of tissue; (absorption at 260 my X ml. of solution)/(gm. of 
tissue X 31.2) = mg. of RNA per gm. of tissue; mg. of ribose per gm. of tissue 
xX 2.16 KX 2 = mg. of RNA per gm. of tissue (only about half the bound ribose reacts 


in this test). 
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RNA; hence this conclusion is merely tentative. However, analyses of 
two different adult human livers agreed reasonably well. 

The free bases, xanthine and hypoxanthine, were found in the super- 
natant fraction of adult human liver but not in that of fetal human liver. 
They are probably formed in the normal metabolic breakdown of purines 
and their absence from the fetal tissue extract may indicate that purine 
catabolism in the fetal liver is occurring at a rate too low to produce detect- 
able amounts of xanthine and hypoxanthine. The absence of xanthine 


TABLE II 


Molar Ratios* of Ribonucleotides from Liver Cell Fractions Relative to 
Adenylic Acid As 10.0 


Guanylic acid Cytidylic acid Uridylic acid 
Fetal human liver 
Nuclei (1)t 28.7 22.2 6.7 
Mitochondria (3) 20.1 (14.9-25.4) | 16.0 (13.3-18.2) | 6.8 (5.3-8.7) 
Microsomes (2) 17.4 (16.4-18.5) | 16.4 (15.3-17.5) | 8.7 (8.2-9.2) 
Supernatant (1) 20.6 11.3 2.0 
Adult human liver 
Nuclei (2) 18.0 (16.2-19.9) | 10.6 (9.8-11.3) 1.6 (11.1-12.1) 
Mitochondria (1) 16.1 20.4 6.8 
Microsomes (2) 17.6 (17.0-18.3) | 14.7 (14.0-15.5) | 8.4 (8.1-8.6) 
Supernatant (2) 14.0 (12.8-15.1) | 10.2 4.7 (3.3-6.1) 
Adult rat liver 
Nuclei (2) 14.2 (13.4-15.1) | 13.9 (13.8-14.0) | 7.8 (7.0-8.7) 
Mitochondria (2) 13.6 (12.7-14.5) | 13.3 (12.7-13.9) | 7.4 (6.4-8.5) 
Microsomes (2) 13.9 (13.7-14.1) | 14.4 (14.3-14.4) | 8.2 (8.1-8.2) 
Supernatant (1) 10.9 12.2 7.5 


* The molar ratios of the supernatant fractions from adult human liver for hy- 


+ Number of complete fractionations. 


DISCUSSION 


poxanthine and xan#¥hine are 18.6 (15.9 to 21.3) and 8.8 (8.2 to 9.4), respectively. 


and hypoxanthine } rom rat liver supernatant fraction may reflect a species 
difference in rate ‘of purine catabolism. 


The chemical composition of the various cellular fractions from different 


previously for other species. 


tissues and animals has been reported before (8, 21, 22). 
reported here for human tissue are in general agreement with those found 
Griffiths and Pace (23) found that a large 
part of the total cell phosphorus is present in the lipide fraction. Brachet 
(24) and Huseby and Barnum (19) have emphasiz 
high RNA content of the microsomes. 


The analyses 


ed the importance of the 


ll 
re 
d 
d 
| 
ll 
2 

\- | 
id 
e 
in 
in 
n. 
it 
of 
ue 
‘ts 


184 NUCLEIC ACID COMPOSITION 


contains somewhat higher proportions of guanylic and cytidylic acids rela- 
tive to adenylic acid than rat liver, are in agreement with the two previous 
reports on human nucleotide ratios. Chargaff et al. (25) found that human 
liver RNA contained relatively much more guanylic and cytidylie acids 
than any other tissue they studied. Gold and Sturgis (26) found about the 


The nucleotide ratios presented here for human liver, indicating that it | 
Ss 


same ribotide ratios for human endometrium RNA as presented here for 
human liver RNA. | 

Crosbie, Smellie, and Davidson (2) found that rat liver cytoplasmic r 
fractions all contained RNA with the same ribotide ratios, whereas nuclear P 
RNA was composed of ribotides in different proportions. In contrast, ? 
MeIndoe and Davidson (27) reported that rat liver nuclear RNA did have 7 


essentially the same composition as the cytoplasmic RNA. The rat liver p 
analyses reported in Table II also indicate a constancy of ribotide propor- 
tions throughout the cellular fractions. 

Other reports concerning ribotide ratios in rat liver cellular fractions d 
have been given by Leuthardt and Exer (5) and Elson and Chargaff (3). , | 
These investigators agree that in all fractions the RNA is relatively rich in 
guanylic and cytidylic acids and that the ribotide ratios throughout the 
cellular fractions are approximately constant. Marshak (4), however, 
found a large relative excess of adenine and guanine in nuclei from various 
calf organs; the cytoplasm from most of these same tissues contains a rela- th 
tive excess of guanine and cytosine. 

Crosbie et al. (2) reported that both fetal and adult rabbit liver contained 
the same ribotide proportions in RNA from mitochondria, microsomes, and 
supernatant fractions. Our analyses showed a similar constancy of RNA di 
composition of the mitochondria and microsomes during maturation of 
human liver. In contrast, the RNA of nuclear and supernatant fractions 


appears to change with growth. Further analyses are needed to verify Re 
this point. 
Positive proof of the heterogeneity of the RNA from different parts of ws 
the cell requires a quantitative recovery of the RNA of each cell fraction. la 
In the analyses reported here, an attempt has been made to secure quanti- 
tative recoveries in each of the procedures used and we believe that the “ 
heterogeneity observed in the RNA of human liver is not due simply to the ” 
preferential extraction of part of the RNA of any one cell fraction. Analy- fo 


ses of isolated and purified RNA give results valid only for the isolated “ 
RNA and not necessarily for the tissue RNA before extraction. Dayidson ; 


and Smellie (28) estimate that they recover about 70 per cent of the tissue ny 
RNA. Elson and Chargaff (3) reported analyses of RNA which had not 

on 

been isolated but gave no estimate of over-all recovery. ‘a 

The finding of an intracellular heterogeneity of RNA has some bearing - 


on theories concerning its biosynthesis. Marshak (29), Jeener and Szafarz 
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(30), and Chantrenne (31) have postulated that cytoplasmic RNA issynthe- 
sized in the nucleus and then migrates to its definitive position. The find- 
ing of differences in the ribotide ratios of nuclear and cytoplasmic RNA 
eliminates the possibility that nuclear RNA migrates into the cytoplasm 
unchanged as the sole precursor of cytoplasmic RNA. The possibility 
that some nuclear RNA serves as a precursor for some of the cytoplasmic 
RNA has not been ruled out. However, the presence of at least two types 
of RNA in human liver cytoplasm would require the postulation of further 
preferential breakdown or incorporation of nucleotides in the conversion 
of nuclear RNA to two different types of cytoplasmic RNA. 

Additional evidence against the concept of a nuclear origin of cytoplasmic 
RNA is provided by the experiments of Barnum and Huseby (32) and 
Barnum ef al. (33). Their mathematical analyses of the time curves of the 
incorporation of P*? into the RNA of the various cell fractions showed that 
nuclear RNA is not a direct precursor of cytoplasmic RNA. Further evi- 
dence was presented by Moldave and Heidelberger (34) who injected rats 
with P*, C'-glycine, or C'-orotie acid. When RNA was isolated from the 
different cell fractions of rat liver and subjected to ribonuclease action, the 
ribonuclease-resistant fraction had a lower specific activity than the di- 
alyzable fraction, and the specific activities of these two parts varied from 
one cell fraction to another. This evidence is difficult to reconcile with any 
theory of the nuclear origin of cytoplasmic RNA. 


SUMMARY 


1. Human adult and fetal and rat adult livers were homogenized and 
differentially centrifuged to obtain the various cellular fractions. These 
were then fractionated into lipide, acid-soluble, ribonucleic acid, deoxyribo- 
nucleic acid, and protein moieties. The ribonucleic acids of the various 
cellular fractions were hydrolyzed and separated into their constituent 
nucleotides by ion exchange chromatography. 

2. In human fetal liver lipide and nucleie acid phosphorus are the two 
largest. phosphorus entities in all the cell fractions; microsomes contain a 
greater fraction of their total phosphorus as RNA phosphorus than any 
other cell fraction. 

3. The molar ratios of the separated nucleotides have been calculated 
for all the cellular fractions from the three types of tissues. These all 
show relatively greater amounts of guanylie and cytidylie acids than ade- 
nylie and uridylic acids. 

4. On the basis of ribotide ratios adult rat liver appears to contain only 
one type of RNA, whereas human liver contains at least three types: one 
in the nucleus, one in the mitochondria and microsomes, and one in the 
supernatant fraction. 

5. The bearing of this intracellular ribonucleic acid heterogeneity on the 
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locus of nucleic acid biosynthesis is discussed. Nuclear RNA does not 
appear to be the precursor of cytoplasmic RNA. 
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ENZYMES IN PITUITARY TISSUE* 
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As the effects of the several secretions of the pituitary gland become 
elucidated, the metabolic réle of this tissue takes on increasing significance. 
A vast amount of information is available concerning the histological pic- 
ture and the hormonal contents of this tissue as a function of a wide spec- 
trum of variables, including normal and abnormal conditions (1, 2). On 
the other hand, comparatively little information is available concerning 
the enzymic mechanisms which must control both the synthesis and the 
release of these hormones. 

Melchior and Halikis (3) have recently studied the incorporation of 
S** -labeled methionine into protein by pituitary tissue in vitro. This pro- 
tein-labeling reaction was found to be much more rapid in pituitary than 
in other normal tissues (4). In addition, significant changes in the rate of 
protein labeling were found associated with conditions known to be related 
to pituitary function. Adams (5) has reported the presence of a wide 
variety of proteases and exopeptidases and McShan et al. (6) the presence 
of transaminase in supernatant fraction isolated from rat pituitary by dif- 
ferential centrifugation. 

The respiration of whole pituitary has been studied by Victor and 
Anderson (7-9) who found the Qo, to be increased by estrogens, adminis- 
tered either zn vivo or in vitro. Since similar increases were not observed 
when liver was used, this would appear to be a specific effect on pituitary 
tissue. On the other hand, McShan, Meyer, and Erway (10) have shown 
that phenolic compounds in general, including several with estrogenic 
activity, actually inhibit succinoxidase of pituitary homogenates, ap- 
parently through an effect on the cytochrome system (11). Similar results 
were obtained with other organs by these workers. Recently, Roberts 
and Keller (12) have made a study of respiration and glycolysis in pituitary 
and report a much lower metabolic activity in glucose medium than for 
corresponding preparations of hypothalamus. 

It would seem that the comparative enzymology of pituitary tissue should 
yield useful information as to the mechanisms of hormone synthesis and 
release. As an approach to this phase of the problem several enzymes have 
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been assayed in pituitaries of normal albino rats. In each case the activity 
has been compared to that found in liver, which was chosen as a representa- 
tive tissue of markedly different function. 


Methods 


The albino rat was chosen as a convenient source of tissue. In general, 
measurements were completed within 1 to 13 hours from the time of sac- 
rifice. 

In view of the small size of the rat pituitary, it was important to be able 
to make manometric measurements with 1 to 2 mg. of dry weight of tissue. 
The required sensitivity was achieved by utilizing Warburg flasks of con- 
ventional design (13), having a total capacity of 1 to 2 ml. The flask 
constants (13) were of the order of one-fourth to one-fifth of those found 
with the usual micro (7.e., 7 ml.) Warburg flasks. and thus a Qo, of the order 
of 5 to 10 was easily demonstrated with 1 to 2 mg. of dry weight tissue. 

The increased sensitivity of the small flasks made certain routine pre- 
cautions necessary. Drafts caused large and erratic fluctuations in the 
thermobarometers, and hence the measurements were carried out in an air- 
conditioned room in which all movements were minimized during an ex- 
periment. Readings were generally taken every 2 or 3 minutes on each 
flask for periods of at least 3 hour. A thermobarometer was run_ beside 
each experimental flask and read along with the flask in each case. When 
these precautions were observed, excellent results were obtained. Simul- 
taneous determination of oxygen consumption by liver homogenates in the 
small flasks and in standard micro Warburg flasks gave similar average 
Qo, values, the precision being comparable to that obtained by the ordinary 
Warburg technique. In view of the final volume of solution (0.3 ml.), it 
was convenient to add stable substances such as salts and substrates to the 
flasks as water solutions which could be dried out before adding the homog- 
enate. 

For data on respiration of intact pituitary, the glands were cut in half, 
and two to four half glands were used in each flask. Liver was sliced free- 
hand, and sections of diaphragm were used directly. The medium was 
Krebs-Ringer-phosphate solution, pH 7.4 (13). 

Homogenates were prepared by pooling six to ten glands or an equivalent 
amount of liver tissue. Homogenates of 1, 5, or 10 per cent were em- 
ployed. Endogenous respiration was generally negligible, but corrections 
were made when necessary. 

Succinoxidase was determined by the method of You and Sellers (14). 
The homogenate was prepared in 0.1 mM phosphate, pH 7.4. The flasks 
contained the following additions (values expressed in micromoles): phos- 
phate 10, cytochrome c 0.0012, Al 0.13, Ca 0.10, succinate 25. The final 
volume was 0.3 ml. and the pH 7.4. 
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Amino Acid Oxidases—Each flask contained 0.15 ml. of homogenate pre- 
pared in 0.04 m phosphate, pH 7.4, plus 0.15 ml. of either 0.1 m glycine in 
phosphate buffer or 0.02 m alanine in water. 

Glutamic Dehydrogenase—The method was adapted from Copenhaver, 
MecShan, and Meyer (15). Each flask contained 300 y of coenzyme I 
plus (values in micromoles) cytochrome c 0.001, semicarbazide 50, phos- 
phate 10, and pb- or L-glutamic acid (neutralized to pH 7.5) 60. The 
homogenate was prepared in 0.04 m phosphate, pH 7.4. 

a-Ketoglutarate, Pyruvate, and Fumarate—Methods developed by Pot- 
ter et al. were used (16, 17). Before the homogenate was added, each 
flask contained 0.20 ml. of a solution containing (in micromoles) KCl 20, 
KHe2PO, 2, MgSO, 1, ATP 1, cytochrome c 0.001, plus substrate (fumarate 
5, pyruvate 5, or a-ketoglutarate 5). The enzyme was 0.10 ml. of a 10 per 
cent homogenate prepared in isotonic KCl. 

Transaminase—The method of Tonhazy, White, and Umbreit (18) was 
employed without modification. The reaction studied is a-ketoglutarate 
+ aspartate — glutamate + oxalacetate. The enzyme is called glutamic- 
oxalacetic transaminase, as suggested by Cohen and Hekhuis (19). The 
method consists of the colorimetric measurement of pyruvate after decar- 
boxylation of the oxalacetate formed. <A value was obtained for each pitui- 
tary by averaging two determinations made at each of three different en- 
zyme levels. The reaction was linear with enzyme concentration and also 
with time for periods of 5 to 30 minutes. The data are expressed as micro- 
liters of substrate transaminated per mg. per 10 minutes (Q?). 

In the calculation of microliters consumed per hour per mg. of dry 
weight (Qo,), a factor of 20 per cent was used as representing the content 
of solids in pituitary tissue. This value (20 + 0.4) was an average of five 
determinations on pooled glands from a total of seventeen rats and com- 
pares closely with the value reported by MecShan et al. (20). 

All animals used in these experiments were fed fox chow pellets ad libi- 
tum up to the time of sacrifice. 

Cytochrome c was obtained from the Sigma Chemical Company, and 
coenzyme I from the Schwarz Laboratories, Inc. 


Results 


The values for endogenous respiration (Table I) show that the pituitary 
respires at a significantly higher level than liver or diaphragm under the 
conditions of the experiment. It is also apparent that addition of glucose 
or succinate is without effect upon the rate of oxygen consumption. This 
is not the case with liver, in which succinate causes a marked increase in 
respiration. For example, in a typical experiment a Qo, of 2.2 was ob- 
served for liver slices for a period of 34 hour, after which succinate was 
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tipped in from the side arm. The oxygen uptake rose immediately and 
the Qo, leveled off at a value of 6.9. | 

A study of various Krebs cycle enzymes in pituitary homogenates is 
presented in Table II and Fig. 1. It is immediately apparent that all of 


TABLE [ 
Respiration of Pituitary, Diaphragm, and Liver 
Tissue Additions Coe 
Pituitary, female (9) None 3.5 + 0.3* 
male (10) 3.8 + 0.2 
(7) | Glucose, 0.056 M | 3.4 + 0.3 
6 (8) Succinate, 0.02 m | 3.8 + 0.3 
Liver (5) None | 2.8 + 0.6* 
Diaphragm (5) | 2.9 + 0.3 


The number of separate determinations is indicated in parentheses. All values 
are expressed as the mean + standard error. Gas phase, air; medium, Krebs- 
Ringer-phosphate. 

* Nineteen pituitary samples compared to five liver samples by the Fisher ¢ test 
(21); probability of chance occurrence <0.01. 


TABLE II 
Enzymes in Homogenates of Pituitary and Liver 
Substrate Unit | Pituitary | Liver 

Succinate Qo» 28 + 1.5 (6) 86 + 6.8 (5) 
a-Ketoglutarate ” 0-10 (5) 11 +1 (7) 
Glycine 8 0 (4) 2.6, 2.3 (2) 
Alanine " 0 (3) 1.8, 1.0 (2) 
p-Glutamate = 0 (3) 13 + 1.2 (5) 
L-Glutamate S 0 (3) 14 + 1.0 (4) 
Transaminase ya 420 + 33 (12) 281 + 50 (6) 
Methionine-S*5* Incorporated into pro- | 0.16 0.049 

tein, umole per 2 hrs. 

per gm. wet weight 


The number of separate values is indicated in parentheses. Each value represents 
an average of two to five flasks. Gas phase, air. 
* Data from Melchior and Halikis (3). 


the enzymes measured function at a lower level in pituitary than in liver 
under identical conditions. The relative values for succinoxidase in the 
two tissues agree quite well with values reported by McShan et al. (20). 
Pyruvate and fumarate, although oxidized readily by liver, both failed to 
cause oxygen uptake in pituitary. However, when added together, a defi- 
nite rate of oxidation occurred. Since the failure to oxidize pyruvate is 
attributed to a lack of oxalacetate, the marked stimulation of pyruvate oxi- 
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dation by fumarate would appear to indicate that fumarase and malic de- 
hydrogenase are both functioning in these preparations. On the other hand, 
any oxygen consumption when fumarate alone is added would presumably 
arise from the oxidation of malic acid; Green has reported that this reac- 
tion is inhibited by oxalacetate (22). The oxidation of fumarate by liver 
indicates some means of preventing accumulation of oxalacetate; obvious 
possibilities include the presence of the ‘‘malic”’ enzyme described by Ochoa 
(23) and the rapid decarboxylation of oxalacetic acid (24) or its conversion 
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Fig. 1. Each flask was fortified with Mg**, adenosinetriphosphate, and cyto- 
chrome c, as described in the text. The substrates were pyruvate (O), fumarate 
(@), and pyruvate + fumarate (Q@). Solid line, pituitary; broken line, liver. The 
gas phase was air. Each point represents an average of four to six flasks. 


to citrate in the presence of endogenous pyruvate. The complete absence 
of oxygen uptake when fumarate is offered to pituitary, although fumarate 
and malic dehydrogenase are present, could indicate that none of these 
pathways for oxalacetate removal is available to any extent. 
a-Ketoglutarate was oxidized readily by some preparations and not at 
all by others. Liver homogenates, prepared at the same time under identi- 
cal conditions, never failed to show a relatively constant uptake from ani- 
mal to animal with this substrate. In no case was the value as high in 
pituitary as that observed in equivalent preparations of liver. This en- 
zyme would appear to be highly variable in pituitary homogenates pre- 
pared as described. Such instability of oxidative processes has been ob- 
served by Pardee and Potter (25), who conclude that the stability of the 
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oxidative systems in homogenates is limited by the loss of labile compo- 
nents from the enzyme systems involved in the oxidations. 

No oxidation of L-alanine, glycine, or pD- or L-glutamate was ever ob- 
served, although uptake was readily seen when liver was used as a source 
of enzymes. It is apparent that of all the enzymes studied glutamic-ox- 
alacetic transaminase and the protein-labeling system described previously 
(3) are the only ones which function at. a level consistently higher in pitui- 
tary than in liver. 


DISCUSSION 


The failure of succinate and glucose to affect respiration in whole pitui- 
tary tissue may be interpreted as indicating a lack of penetration into the 
cells of this tissue. However, when considered along with the low activity 
of the enzymes of the tricarboxylic acid cycle, this suggests that pituitary 
tissue may belong to the class of tissues in which the amount of oxidative 
enzymes is the rate-limiting factor in oxidative processes. The signifi- 
cance of this has been considered by Potter (26) in regard to a similar situa- 
tion in many tumors. Potter suggests that a consequence of this relative 
deficiency of oxidative enzymes is the possibility of a higher concentration 
of the building blocks necessary for growth in tumor tissues. In other tis- 
sues, such as liver and kidney and brain, the rate of oxidation is presumably 
limited by the concentration of substrates or of acceptors rather than by 
the oxidative enzymes, which appear to be present in excess. It seems 
quite significant that a similar picture should be observed in pituitary tis- 
sue, which is specialized to synthesize protein hormones. 

The absence of enzymes which permit destruction of amino acids via 
oxidation would also seem to be adapted to the special function of this 
tissue. The high activity of glutamic-oxalacetic transaminase is interest- 
ing in view of the considerable evidence presented by Cammarata and 
Cohen (27) and Feldman and Gunsalus (28), serving to indicate that the 
transamination reaction occurs with a wide variety of amino acids. In 
general the evidence seems to point to a réle for transaminase in amino acid 
catabolism. For example, Bartlett and Glynn (29) have shown that the 
activity of this enzyme is, in general, inversely proportional to the rate of 
protein synthesis in a given tissue. Cohen and Hekhuis (19) have sug- 
gested that the function of transaminase could be to control protein syn- 
thesis by removing amino acids from the pool. The mechanism may be 
represented as follows: 


oxidized 


Amino acid + a-ketoglutarate — glutamic acid + a-keto acid 
| (glutamic dehydrogenase) 
a-ketoglutarate 
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The result would be a draining of the amino acid pool by the combined 
effects of the wide-spread glutamic dehydrogenase (30) together with trans- 
aminase. However, no glutamic dehydrogenase activity was detected in 
pituitary, which would seem to preclude this function for transaminase in 
this tissue. It would seem more likely that this enzyme plays a réle in the 
interconversion of amino acids. It is improbable that the serum would 
present to the pituitary cells the precise amino acid mixture required for the 
synthesis of the protein hormones. The combination of a high level of 
transaminase, presumably facilitating a variety of amino acid intercon- 
versions, the relatively low activities of the enzymes of the tricarboxylic 
acid cycle, tending to keep the concentration of carbon chains required for 
amino acid synthesis high, and finally the apparent lack of amino acid oxi- 
dases would seem to be well suited for a tissue with the special function of 
synthesizing unique protein molecules. 


SUMMARY 


Endogenous respiration of intact pituitary tissue obtained from albino 
rats was found to be significantly higher than that of liver slices and was 
unaffected by addition of glucose or succinate. Enzymes of the tricar- 
boxylic acid cycle were uniformly low in this tissue. 

Pituitary preparations failed to oxidize glycine, alanine, or D- or L-gluta- 
mate. 

Glutamic-oxalacetic transamination was actively catalyzed by pituitary 
preparations. 

The significance of these findings with regard to the function of the pi- 
tuitary is discussed. 
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Glutamine has been implicated in the functioning of the central nervous 
system (1), in muscle metabolism (2), in transamination (3), in detoxifica- 
tion (4), and as a precursor of urinary ammonia (5). An excellent review 
of these and other possible réles of glutamine in metabolism has been pre- 
sented by Archibald (6). It would seem that glutamine acts as a mobile 
reserve of ammonia and glutamic acid in the body and would therefore be 
expected to effect a number of physiological functions. 

In this laboratory, a lowered plasma glutamine level has been found con- 
sistently in rats deprived of vitamin Bs and given deoxypyridoxine for a 
period of approximately 21 days (7-10), but this lowering has not been 
observed in pair-fed controls. Simple deprivation of the vitamin for a 
period of 20 days did not elicit this lowering in the absence of deoxypyridox- 
ine (11). <A less marked but relatively consistent observation has been an 
elevated level of plasma glutamic acid in vitamin Be-deficient rats (7-10). 
These findings suggested the possibility of an alteration in renal glutamin- 
ase activity consequent to vitamin Bg, deficiency in the rat. Decreased 
levels of plasma glutamine in vitamin Be-deficient rats given deoxypyri- 
doxine, but not in those simply deprived of the vitamin, might be attribu- 
table to differences in the degree of deficiency, since deoxypyridoxine has 
been shown to hasten the onset of external deficiency signs (12), or to an 
effect of deoxypyridoxine separate from antivitamin action. To investigate 
these possibilities, renal glutaminase activities have been measured in vita- 
min B,-deprived and pair-fed control rats with and without provision of 
dietary deoxypyridoxine. Renal glutaminase activities were also measured 
in thiamine-deficient rats in order to investigate one other vitamin defi- 
ciency. 


Methods 


Albino rats of the Wistar strain and of both sexes were employed. All 
animals were housed in individual, screen-bottomed cages, and were pro- 
vided with drinking water ad libitum. The diet employed was the 20 per 
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cent casein, 20 per cent corn oil, vitamin B¢-free basal diet previously de- 
scribed (7). When vitamin Bs, was supplied, this was added to the food as 
pyridoxine hydrochloride at a level of 50 y per rat per day; in one experi- 
ment deoxypyridoxine hydrochloride was added to the food of two groups 
at a level of 100 y per rat per day. 

After the indicated period of experimental feeding, the animals were 
fasted for 20 hours and killed by stunning and decapitation. In each case, 
the left kidney was removed, and phosphate-activated glutaminase activi- 
ties of homogenates were determined by the method of Archibald (13) 
as modified by White and Rolf (14). Since in most cases analyses were 
carried out over a 2 or 3 day period, care was taken to select animals from 
each group and of each sex each day to prevent biasing of results. The 
possibility of differences in the amounts of preformed ammonia in tissues 
from the experimental groups was investigated with blanks containing tis- 
sue, phosphate buffer, and phosphate-cyanide buffer. No consistent or 
significant differences were noted among groups. Indeed the amounts of 
preformed ammonia were very small. A blank containing phosphate buf- 
fer, phosphate-cyanide buffer, and glutamine was employed to eliminate 
errors which might arise from nesslerization in the presence of glutamine. 
It is realized that even in the absence of added phosphate slight apparent 
glutaminase activity of renal tissue can be detected by the method em- 
ployed. However, under these experimental conditions this apparent ac- 
tivity was very low and far below that noted in the presence of added phos- 
phate. Thus it is safe to state that the data reported are representative 
of phosphate-activated glutaminase activities. 


EXPERIMENTAL 


Renal Glutaminase Activities in Vitamin By Deficiency—54 rats were di- 
vided into six groups, equal with respect to sex distribution, number, and 
an initial average body weight of 111 gm. Two groups were provided 
with deoxypyridoxine and one of these groups was further provided with 
pyridoxine. Two groups received only pyridoxine supplements, and the 
two remaining groups received no supplements. All groups were pair-fed, 
and the deprived group received deoxypyridoxine in order to eliminate dif- 
ferences consequent to variations in the amount of food consumed.  Fol- 
lowing 20 to 22 days of experimental feeding, four groups of animals (one 
control, one deprived, and one control and one deprived both given deoxy- 
pyridoxine) were fasted and killed and the renal glutaminase activities 
determined. It should be noted that at this time only those animals de- 
prived of vitamin Bg and receiving deoxypyridoxine had acrodynia, the 
external manifestation of vitamin Be, deficiency. The two remaining 
groups were maintained for a total of 35 days with continuous pair-feeding. 
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At the end of this time these animals were fasted and killed and the renal 
glutaminase activities determined. A moderate degree of acrodynia was 
evident in the second group of deprived animals after 35 days of vitamin re- 
striction. The average daily food consumption of all groups was 11.6 gm. 
per rat. The results of this study are presented in Table I. 

Effect of Adding Pyridoxal Phosphate to Homogenates—Since pyridoxal 
phosphate has been stated to act as the coenzyme of several enzymes (15- 
18), it seemed logical to investigate the possibility of an effect of this sub- 
stance on renal glutaminase activity when added to the homogenates. 
The diammonium salt of pyridoxal phosphate (62 per cent pyridoxal phos- 


TABLE I 


Renal Glutaminase Activities of Vitamin Be-Deficient, Thiamine-Deficient, and 
Pair-Fed Control Rats 


Average gain Renal glutaminase activity* 


Group Days on diet No. of rats in body os 
weight Range Mean + s.d. 
gm. 
— 20-22 63 29-46 36 + 5 
+ Bg 20-22 SS 30-46 36 + 5 
— Be + DBgt 20-22 D4 16-36 30 + 6 
+ Be + DB, 20-22 7s 27-47 39 + 7 
— Bs 395 9 o4 30-38 32 + 3 
+ Bg 35 101 32-47 424 5 
No thiamine 21 Ss 36 30-62 40 + 10 
+ thiamine 21 S 58 , 3252 | 482 7 


* expressed as per cent of glutamine split in 20 minutes by 20 mg. of kidney tissue. 
+ DB, signifies dietary provision of deoxypyridoxine. 


phate) was obtained from the California Foundation for Biochemical Re- 
search. This compound was added to an aliquot of each homogenate at a 
level of 33 y per 100 mg. of tissue. Calculated as pure pyridoxal phos- 
phate, this level (20 y per 100 mg.) is approximately 2 times that found ef- 
fective for certain transaminase systems (15). Addition of pyridoxal phos- 
phate to the aliquots of homogenates was made | hour prior to the assay 
of glutaminase activity. During this 1 hour period the homogenates with 
and without added pyridoxal phosphate were stored in a cold room at 4°. 
It was found necessary to make a blank correction in the glutaminase assay 
for the addition of pyridoxal phosphate, since this compound contributed 
per se to color formation, presumably through the presence of ammonia in 
the salt. 

Seventeen rats were divided into two groups comparable with respect to 
sex distribution, number, and an initial average body weight of 105 gm. 
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One group was deprived of vitamin Bez; the other group was given pyridox- 
ine in the food and was pair-fed with the deprived group. After 35 to 36 
days of experimental feeding, during which time the average daily food con- 
sumption of both groups was 10.5 gm. per rat, the animals were fasted and 
killed, and renal glutaminase activities were determined with and without 
addition of pyridoxal phosphate to the homogenates. At this time, the 
deprived rats exhibited moderate acrodynia. The results of this study are 
set down in Table II. 

Renal Glutaminase Activities in Thiamine Deficiency—Sixteen rats were 
divided into two groups, equal with respect to sex distribution, number, 
and an initial average body weight of 102 gm. The basal diet employed 


TaBLeE II 


Effect of Adding Pyridoxal Phosphate to Homogenates on Renal Glutaminase Activities 
of Vitamin Be-Deficient and Pair-Fed Control Rats 


Pyridoxal Renal glutaminase activityt 
Group No. of rats | 
| Range | Mean + s.d. 
| gm. | 
Deprived 9 | 56 21-36 | 
9 | + 30-51 | 388 +7 
Control 8 30-40 35 + 4 
8 | + 37-43 39 + 2 


* 20 y per 100 mg. of kidney tissue. 
t Expressed as per cent of glutamine split in 20 minutes by 20 mg. of kidney tis- 
sue. 


was that described previously (7), with the exception that 100 mg. of pyri- 
doxine hydrochloride replaced the 100 mg. of thiamine hydrochloride in the 
vitamin powder. One group was fed this basal diet. ad libitum; the remain- 
ing group received 50 y of thiamine hydrochloride per rat per day in the 
food and was pair-fed with the deprived group. After 21 days of experi- 
mental feeding, the animals were fasted and killed, and renal glutaminase 
determinations were carried out. The average daily food intake of both 
groups was 11.0 gm. per rat. The results of this study are presented in 
Table I. 


RESULTS AND DISCUSSION 


As shown in Table I, following 20 to 22 days of experimental feeding, 
no alteration in renal glutaminase activity was apparent in those animals 
simply deprived of vitamin Bs. However, vitamin Bg deprivation coinci- 
dent with the feeding of deoxypyridoxine for a similar period resulted in a 
significant decrease in mean activity (t = 2.92; significant at the 1 per cent 
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level). No significant difference in renal glutaminase activity was noted 
between control groups with and without deoxypyridoxine. Simple dep- 
rivation of vitamin Bg for a total of 35 days resulted in a significant de- 
crease In mean renal glutaminase activity (t = 4.80; significant at the 1 
per cent level). Thus it would seem that deoxypyridoxine hastened not 
only the appearance of acrodynia but also the lowering of glutaminase ac- 
tivity. Other studies in this laboratory have indicated that deoxy- 
pyridoxine does not act in the manner expected of an antivitamin for all 
enzyme systems affected by vitamin Be deficiency (19, 20), although a 
longer period of simple deprivation might have altered the interpretation. 
The present study suggests that the effect of deoxypyridoxine on renal 
glutaminase activity in the absence of vitamin Bg is that of an antivitamin. 
It should be noted that, since pair-feeding was followed throughout, differ- 
ences in enzyme activities between groups in this and the subsequent ex- 
periments cannot be attributed to differences in food consumption. 

Owing to the large amount of blood required for determination of plasma 
glutamine and glutamic acid, it was not possible to measure these metabo- 
lites in the animals sacrificed individually in these studies. The findings 
on renal glutaminase activities are entirely in accord with observations 
reported previously on these metabolites after 21 days of experimental 
feeding (7-11). Under similar experimental conditions, a low mean plasma 
glutamine level, an elevated mean glutamic acid level, and a low renal 
glutaminase activity are compatible. Although findings in vitro do not of 
necessity represent the situation zn vivo, it would appear that the phos- 
phate-activated glutaminase of renal tissue is affected by vitamin Bg de- 
ficiency either directly or secondarily. 

The results of the first experiment do not indicate the manner in which 
vitamin Bs, deficiency brings about the alteration in renal glutaminase ac- 
tivity. This effect could be of a direct or coenzyme-like nature or could 
simply represent an adaptation of activity to a low level of available sub- 
strate, namely plasma glutamine. The second study, in which pyridoxal 
phosphate was added to the homogenates, investigated the possibility that 
the lowering in renal glutaminase activity might be a direct effect of vita- 
min Bs deficiency. The data set down in Table II confirm the finding 
that deprivation of vitamin Bg for 35 days results in a depression in renal 
glutaminase activity (¢ = 2.98; significant at the 1 per cent level). Addi- 
tion of pyridoxal phosphate to the homogenates caused an apparent stimu- 
lation of activity in the homogenates of deprived rats (¢ = 3.30; significant 
at the 1 per cent level) and a smaller stimulation in homogenates of control 
rats ({ = 2.48; significant at the 5 per cent level). Addition of pyridoxal 
phosphate restored the mean enzyme activity of tissue from deprived rats 
to the level of tissue from pyridoxine-fed control rats. 
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As shown in Table I, thiamine deficiency had no apparent effect on renal 
glutaminase activity in rats, at least in the time interval used in this study. 
Application of a ¢ test to the difference between means yielded a ¢ value 
of 0.688, which is not significant. Based on body weight, the metabolic 
effects of thiamine deficiency were more severe than those of vitamin Bg 
deficiency; yet no change in renal glutaminase activity was noted in thia- 
mine-deficient rats. 


SUMMARY 


Renal phosphate-activated glutaminase activities were significantly 
lower in vitamin Be-deprived rats than in pair-fed controls after 35 days of 
experimental feeding. Addition of deoxypyridoxine to the diet made ap- 
parent this abnormality in 20 to 22 days of deprivation. Addition of pyri- 
doxal phosphate to homogenates significantly increased and restored to 
normal the mean renal glutaminase activity of kidney tissue from vitamin 
B,-deprived rats, while it caused a small increase in activity of the enzyme 
in tissue from control rats. Thiamine deficiency did not alter renal glu- 
taminase activity. 
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It is generally recognized that the optical isomers of tryptophan are al- 
most equally effective in the rat for purposes of growth (1-3), but that the 
corresponding acetylated compounds behave quite differently. Thus, 
acetyl-L-tryptophan functions readily as a component of the food in place 
of the free amino acid, but acetyl-p-tryptophan, whether administered 
orally or subcutaneously, is not utilized by the species in question (2). 

In man, the metabolic deportment of the stereoisomers of tryptophan 
and their acetyl derivatives is not so clear. In Paper VII of this series (4), 
evidence was presented to the effect that pL-tryptophan is incapable of 
replacing L-tryptophan, on an equal weight basis, as measured by the ni- 
trogen balance technique. This was interpreted as indicating that very 
little p-tryptophan, if any, is inverted by human subjects. With respect 
to the acyl derivatives, Albanese, Frankston, and Irby (5) reported several 
years ago that acetyl-pL-trvptophan may be available to man except for a 
5 per cent urinary loss. This conclusion was based upon indirect evidence 
obtained in a study of the excretion of an unidentified metabolite believed 
to have its origin in p-tryptophan and said to yield indigo red on treatment 
with iodine (6). According to the authors (5), the oral administration to 
human subjects of 0.01 m quantities of acetyl-pL-tryptophan failed to in- 
duce the excretion of the unidentified metabolite, in contrast to the effects 
produced by corresponding amounts of unsubstituted pL-tryptophan. 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by Minor 
J. Coon in partial fulfilment of the requirements for the degree of Doctor of Philoso- 
phy in Biochemistry in the Graduate College of the University of Hlinois. Present 
address, School of Medicine, University of Pennsylvania, Philadelphia, Pennsyl- 
vania. 

t Present address, Nutrition Research Department, Abbott Laboratories, North 
Chicago, Lllinois. 
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In a later paper, Albanese, Davis, and Lein (7) reported the results of 


feeding experiments in infants in which diets deficient in tryptophan were ; 
supplemented for 4 day periods with L-tryptophan, pL-tryptophan, acetyl- | 


L-tryptophan, and acetyl-pL-tryptophan, respectively. Subnormal growth 
and decreased nitrogen retention were said to have been induced only by 
the diet reinforced with pL-tryptophan. This was interpreted as provid- 
ing additional evidence in favor of a greater utilization of acetyl-pL-tryp- 
tophan than of the free racemic amino acid. In the meantime, Luck, 


Boyer, and Hall (8) described three human experiments in which acety]-- 


pL-tryptophan was administered intravenously rather than orally. The 
results showed that 70 to 83 per cent of the compound was excreted un- 
changed, mostly within the first 6 hours after the injection. The acetyl- 
tryptophan isolated from the urine was racemic; consequently, no preferen- 
tial utilization or retention of acetyl-L-tryptophan was indicated under 
the conditions employed in the tests. Albanese et al. (7) pointed out that 
the path of administration may have affected the outcome of the experi- 
ments, a fact which was fully appreciated and mentioned by Luck and his 
associates. 

The nitrogen balance technique, as developed in this laboratory with 
amino acid diets, affords an excellent opportunity of determining definitely 
and directly whether acetylation of D-tryptophan increases its availability 
to the human organism. ‘The problem is an interesting one, not only from 
the metabolic standpoint, but for practical considerations as well. The 
cost differential between L-tryptophan and the racemic amino acid is such 
that the use of the latter would represent a significant saving, particularly 
in human studies, provided the substance could be rendered wholly effec- 
tive merely by the expedient of acetylation. Therefore, tests were under- 
taken for the purpose of comparing the effects of L- and pL-tryptophan 
and the acetyl derivatives of the optical isomers. The results are outlined 
below. 


EXPERIMENTAL 


Five experiments of varying duration were carried out. Two of these 
consisted of test periods at the end of experiments involving other amino 
acids, while the other three experiments were made on individuals who had 
not previously participated in our amino acid investigations. As is our 
custom, all of the subjects were young men who were majoring in biochem- 
istry or had had sufficient biochemical training to appreciate fully the pur- 
poses of the experiments. 

The diets varied somewhat, particularly as determined by the energy 
needs of the subjects. A detailed description of each ration seems un- 
necessary ; however, this information is available for anyone who wishes it. 


In 
of 
ext 
| acl 
en 
DL 
| tw 
als 
for 
adi 
| th 
det 
th 
COl 
| al 
wa 
pr 
as 
un 
| act 
me 
dis 
dis 
dai 
a 
ave 
| of 
hae 
| In\ 
| 
of 
su 
tre; 
(2) 
| sho 


ROSE, COON, LAMBERT, AND HOWE 203 


Invariably, the nitrogen of the food was furnished in the form of mixtures 
of the eight essential amino acids supplemented with glycine and urea as 
extra sources of this element for the synthesis of the non-essentials. Amino 
acid Mixture 182, which was described in Paper VII of this series (4), was 
employed in three of the tests. A mixture of identical composition, ex- 
cept for the presence of twice as much pL-threonine and 9.82 gm. daily of 
pL-leucine instead of half this quantity of L-leucine, was used in the other 
two tests. The daily allotment of each mixture was dissolved in water 
and flavored with 100 ml. of filtered lemon juice. Wafers IV and V, which 
also have been described elsewhere (9), furnished most of the energy in 
four of the tests. In the fifth, a similar product of slightly higher carbo- 
hydrate and fat content was used. Extra sucrose and butter fat were 
administered in constant daily amounts as required to adjust the diets to 
the exact caloric needs of the subjects. In each case, the ratio of calories 
derived from carbohydrate to those furnished by fat was maintained for 


_ the entire diet at approximately 2.6. The other components of the rations 


consisted of vitamin pills (cf. (10)) and Cellu flour, the latter to provide 
a residue in the alimentary tract. One-third of the daily food allowance 
was consumed at each meal. 

The acetyl-p, acetyl-L, and acetyl-pL derivatives of tryptophan were 
prepared in the laboratories of Merck and Company. These compounds, 
as well as the constituents of the amino acid mixtures, were recrystallized 
until they yielded correct analytical data. The specific rotations of the 
active modifications of acetyltryptophan also were in satisfactory agree- 
ment with values recorded in the literature.' 

The results of the tests are summarized in Table I; the figures represent 
period averages. The findings are so unequivocal that they require little 
discussion. As will be observed, Subjects T. J. S. and H. Z. 8S. showed 
distinct, positive balances on diets containing 0.20 gm. of L-tryptophan 
daily. When, however, the tryptophan was replaced by an equivalent 
amount (0.24 gm.) of acetyl-p-tryptophan, each subject experienced an 
average daily loss of more than 1 gm. of nitrogen. Obviously, acetylation 
of p-tryptophan fails to improve its nutritive quality. Subject H. F. K. 
had for some time preceding the present test been serving in an experiment 
involving another amino acid and during this had received a daily intake 
of 0.30 gm. of L-tryptophan. When the latter was replaced by 0.24 gm. 
of acetyl-pL-tryptophan, a slight but unmistakable negative balance en- 
sued. On the other hand, substitution of an equivalent amount (0.20 gm.) 


'The observed specific rotation of acetyl-p-tryptophan (1 per cent in water 
treated with 1 equivalent of sodium hydroxide) was [a]; —29.4°. Du Vigneaud et al. 
(2) reported —30.2°. Under identical conditions the acetyl-L-tryptophan 
showed a value of [aly +29.5°. Du Vigneaud and Sealock (11) reported {a]}’ +29.0°. 
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of L-tryptophan for the acetyl-pL-tryptophan immediately induced a strong ace 
nitrogen retention. Evidently, this subject had a rather low tryptophan ext 
requirement which was partially satisfied by the acetyl-L-tryptophan pres- me 
ent in the racemic compound. That acetylation does not diminish the try 


availability of L-tryptophan is shown by the results obtained with Sub- 
jects R. L. F. and L. J. L. In both, 0.24 gm. daily of acetyl-L-tryptophan 


induced definite positive balances. The findings upon these subjects also = 
3. 
TABLE 
Effectiveness of Acetyl-p-, Acetyl-L-, and Acetyl-p.-tryptophan As Substitutes for 5. 
L-Tryptophan 6. 
Period averages. i. 
e 
| Daily N output 
Subject . daily N Diet not 
"weight | 7g | intake balance 10. 
| Urine Feces ll. 
| kg. gm. gm. gm. gm. 
4 | 10.09 | 8.950.71, +0.43 | 0.20 gm. L-tryptophan 


T.J.S. | 74.4 
| 10.09 10.470.71) —1.09 0.24 acetyl-p-tryptophan 
10.23 8.46.0.89, +0.88 0.20 “L-tryptophan 

10.23 10.181.07, —1.02 , 0.24 ‘* acetyl-p-tryptophan 
10.08 | 8.970.54 +0.57 0.30 “L-tryptophan 

10.08 | 9.670.51 —0.10 | 0.24 acetyl-pL-tryptophan 
10.08 | 8.780.58 +0.72 0.20 ‘ L-tryptophan 

10.09 | 8.950.80 +0.34 0.20 

10.09 10.300.84 —1.05 0.20 puL-tryptophan 
10.09 | 8.930.78 +0.38 0.24 “ acetyl-L-tryptophan 
10.09 | 9.510.94 —0.36 0.24 “ acetyl-pL-tryptophan 
10.03 | 9.040.81 +0.18 0.20 “ L-tryptophan 

10.03 9.900.69 —0.56 0.20 “ p1L-tryptophan 

| 10.03 10.210.65 —0.83 | 0.24 “ acetyl-pL-tryptophan 
| 10.03 8.740.85 +0.44 0.24 “ acetyl-L-tryptophan 


H.Z.S. | 79.4 


Se 


demonstrate that acetyl-pL-tryptophan is not measurably superior to the 
free racemic amino acid in the maintenance of nitrogen equilibrium. In 
view of these observations, one must conclude that acetylation of p- and 
pL-tryptophan does not enhance their usefulness in the adult, human or- 
ganism. 


SUMMARY 


Comparisons have been made of the effectiveness of acetyl-p-, acety1-L-, 
and acetyl-pL-tryptophan in the maintenance of nitrogen equilibrium in 
human subjects deprived of L-tryptophan. The results demonstrate that 
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acetyl-p-tryptophan, like free p-tryptophan, is not utilized to a significant 
extent, if at all, by adult man. Acetylation of L-tryptophan does not 
measurably diminish its metabolic availability, nor does acetylation of DL- 
tryptophan enhance its usefulness. 
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CANAVANINE AND HOMOARGININE AS ANTIMETABOLITES 
OF ARGININE AND LYSINE IN YEAST AND ALGAE 


By JAMES B. WALKER 


(From the Biochemical Institute, The University of Texas, and the Clayton 
Foundation for Research, Austin, Texas) 


(Received for publication, June 7, 1954) 


Canavanine, which is known to occur in both the soy bean and jack 
bean (1), as well as in certain other higher plants (2), has been shown to 
inhibit the growth of Neurospora crassa (3), Escherichia coli and certain 
lactic acid bacteria (4), and oat coleoptile sections (5). These inhibitions 
were in each case reversed by arginine. With enzymes, it has been dem- 
onstrated that arginase hydrolyzes canavanine (6), and that the action 
of arginine desimidase on arginine is competitively inhibited by canava- 
nine (7). More recently, it was shown in this laboratory (8) that the en- 
zymatic formation of a new amino acid, canavaninosuccinic acid, from 
canavanine and fumarate, is apparently catalyzed by the same enzyme, 
argininosuccinase, that catalyzes the reversible reaction between arginine 
and fumarate to form argininosuccinate. In the presence of argininosuc- 
cinase, fumarate, arginine, and canavanine, the relative amounts of argi- 
ninosuccinate and canavaninosuccinate formed depend upon the ratio of 
arginine to canavanine in the reaction mixture (8). 

From this evidence it would appear that inhibition of the growth of 
organisms by canavanine results from interference with the biosynthesis 
as well as the utilization of arginine. However, other evidence indicates that 
the mechanism of canavanine inhibition may not be this simple, at least 
not for all organisms inhibited by canavanine. For example, Horowitz 
and Srb (3) observed that lysine, as well as arginine, reverses canavanine 
inhibition of Neurospora, a fact not readily explainable on the above basis. 
The work reported here was undertaken in an attempt to throw further 
light on the mechanisms of canavanine inhibition and its reversal. As a 
result of this study, new and interesting metabolite-antimetabolite relations 
among certain basic amino acids were observed. Of particular interest is 
the behavior of homoarginine, hitherto not noted for marked biological 
activity (9, 10). Depending upon the microorganism employed, homo- 
arginine acts as a potent reversing agent for canavanine inhibition, has no 
effect on the organism, or acts as a powerful growth inhibitor. 


Methods and Materials 
Organisms—The organisms employed for quantitative inhibition studies 
were the green alga, Chlorella vulgaris (Columbia strain), kindly supplied 
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by Dr. Alex Shrift and Dr. R. Pratt, and the yeast, Torulopsis utilis. Ad- 
ditional experiments were performed with species of green algae kindly 
supplied by Dr. Jack Myers. 

Growth Conditions—The same growth medium was used for all organisms. 
1 liter of 5-fold strength basal medium contained glucose, 240 gm.; urea, 
10 gm.; MgSO,-7H.0O, 3.2 gm.; KHePO,, 4.5 gm.; ethylenediaminetetra- 
acetic acid, 2.5 gm.; FeSO,-7H.O, 0.25 gm.; CaCls, 0.15 gm.; ZnSO,-7H.0, 
0.45 gm.; MnCl.-4H.2O, 0.05 gm.; MoQ3, 0.03 gm.; CuSO,-5H.O, 0.08 gm.; 
Co(NO3)2:6H.O, 0.02 gm. The pH was adjusted to 6.4. The stock solu- 
tion was stored in the cold under toluene. Cells were grown in 18 X 150 
mm. lipless Pyrex test-tubes containing 1 ml. of stock solution plus ad- 
dition substances to make a total volume of 5 ml. To minimize evapora- 
tion during growth, and consequent error in optical density measurements, 
each tube was tightly covered by a 22 & 175 mm. lipless Pyrex test-tube. 
The extra length of the outer tube permitted a cotton plug to be inserted 
at the base of the inner tube to protect against bacterial contamination. 
The tubes containing the medium were autoclaved for 8 minutes at 120°, 
cooled, and inoculated with 1 drop per tube of a light suspension of yeast 
or algae growing in the basal medium. The inoculated tubes were placed 
on a reciprocating mechanical shaker (3 in. stroke, 78 strokes per minute), 
illuminated by fluorescent lights, at an angle to insure maximal agitation 
without spilling. After approximately 40 hours at room temperature for 
T. utilis and 6 days for C. vulgaris, 1 ml. aliquots from each tube were trans- 
ferred to Evelyn photometer tubes and diluted with 9 ml. of water for 
yeast and 25 ml. for algae. The optical densities of the diluted suspen- 
sions, at 550 my for yeast and 600 my for algae, were measured with an 
Evelyn instrument. An optical density of 26 represents 20 mg. of dried 
Chlorella cells per ml. 

Compounds Employed—.-Homoarginine hydrochloride (a-amino-e-guan- 
idino-n-caproic acid) was synthesized from t-lysine hydrochloride and 
O-methylisourea by the method of Stevens and Bush (10), Procedure B, in 
which copper is employed to combine with the a-amino group of lysine 
(11). In alkaline solution the e-amino group of the copper-lysine complex 
was allowed to react with O-methylisourea hydrochloride, prepared from 
cyanamide by the method of McKee (12), Procedure B. Copper was 
removed by H2S, and t-homoarginine hydrochloride was subsequently 
isolated. Paper chromatography, with water-saturated phenol as solvent, 
disclosed that only a negligible amount of lysine was present as a contami- 
nant. L-Canavanine used for preliminary experiments and for the prepara- 
tion of canavaninosuccinate was isolated from jack bean meal by the 
method of Gulland and Morris (13); however, most of the quantitative 
data reported here were obtained with L-canavanine purchased from the 
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Nutritional Biochemicals Corporation. Canavaninosuccinic acid was pre- 
pared enzymatically as described elsewhere (8). 


Results 


Canavanine Inhibition of T. utilis—The yeast, 7’. utilis, was found to have 
characteristics particularly favorable for a study of the mechanisms of 
canavanine inhibition and its reversal. Fig. 1 shows that 50 per cent inhi- 
bition occurs at the extremely low level of 0.4 y of canavanine per ml. 
Cells grown through two serial transfers in the presence of canavanine 


- showed no significant decrease in susceptibility to canavanine inhibition. 


T. UTILIS 


OPTICAL DENSITY 


1 L i 


2 3 
CANAVANINE, UG/ML. 


Kia. 1. Inhibition of the growth of 7. utilis by canavanine 


Reversal of Canavanine Inhibition of T. utilis—As in the case of Neuro- 
spora (3), both L-arginine and t-lysine were able to reverse canavanine 
inhibition. puL-Lysine was one-half as active as the natural form. At 
low levels of canavanine, several compounds were stimulatory. Orni- 
thine and citrulline were equally effective at low canavanine concentrations, 
presumably as precursors of arginine; argininosuccinate was inactive, ap- 
parently because of permeability restrictions (14). a@-Aminobutyrate also 
showed marked activity, being much more active than aspartate, homo- 
serine, or threonine; in addition, a crude preparation of pb-ribose showed 
slight reversing activity. Since a 4-carbon compound has been implicated 
as a lysine precursor (15, 16), it is tempting to speculate that a compound 
related to a-aminobutyrate might condense with ‘“‘active glycolaldehyde”’ 
(17) to form a precursor of lysine. 
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Further experiments disclosed that not only L-arginine and L-lysine but ml 
also L-homoarginine could reverse canavanine inhibition competitively over cri! 
a several hundred fold range of canavanine concentrations. Any one of nit 
these three reversing agents, added singly, could bring about normal growth { 
in the presence of canavanine. Fig. 2 gives the results of two typical ex- cal 
periments, carried out at two different canavanine concentrations. It can it 

be seen that homoarginine and arginine are approximately equally effective dri 
in reversing canavanine inhibition at both levels of canavanine, with an cal 


inhibition index of 2.3 for 50 per cent inhibition. Lysine is slightly less arg 
than one-half as active as the other two compounds. 


A UTILIS {8 
CANAVANINE CANAVANINE , | 
3F 20 UGML. 200 UG/ML. 
ARGININE: HCI 
x HOMOARGININE- HCI 


LYSINE-HCl 


OPTICAL DENSITY 


OPTICAL DENSITY 


4 12 60 120 i80 
REVERSER, UG/ML. 
Fig. 2. Competitive reversals of canavanine inhibition of 7’. utilis at two canava- Fr 
nine concentrations. ae 


The unexpectedly high activity of homoarginine in reversing canavanine ily. 
inhibition cannot be explained by assuming that homoarginine is converted Rr 
into lysine by this organism for two reasons. The first is that homoargi- 0.1: 
nine is twice as active a reversing agent as lysine; the second is shown in sane 
Fig. 3. 7. utilis was grown on a nitrogen-free basal medium, to which i 


various amounts of arginine, lysine, and homoarginine were added as the hib 
sole source of nitrogen. Comparison of these curves with a standard 


curve, with ammonium sulfate as the nitrogen source (curve not shown), — 
showed that all of the mitrogen atoms of both arginine and lysine are sae 
utilized for growth, whereas none of the nitrogen atoms of homoarginine is es 
utilized. In a parallel experiment, no significant displacement of the ies 
arginine, lysine, and ammonium curves was observed when homoarginine 

was added to all tubes at a level corresponding to 0.1 mg. of nitrogen per so 


i 
-MAXZ2 _/° 
4 ™ 
x é ° | 
t 
1 
| 
| 
4 


J. B. WALKER 211 


ml. Apparently the reversing activity of homoarginine cannot be as- 
cribed to an enzymatic conversion to lysine or other readily metabolized 
nitrogenous compound. 

Tests with Canavaninosuccinate—Whenever endogenous or exogenous 
canavanine is present, and the organism has the enzyme argininosuccinase, 
it is likely that canavaninosuccinic acid will be formed (8). Acetone- 
dried 7. utilis cells were observed to have argininosuccinase activity, and 
canavaninosuccinate was formed from canavanine and fumarate. Like 
argininosuccinate (14, 18), canavaninosuccinate was found to cyclize read- 


C. VULGARIS 
T. UTILIS 
> 10} HOMOARGININE-HCI 
> 
= a CANAVANINE 
> 
z 
5 
aul 
a 
© 
LYSINE 
x HOMOARGININE 
0.2 
NITROGEN, MG/ML. INHIBITOR, UG/ML. 
Fia. 3 Fia. 4 


Fic. 3. Utilization of amino acids as sole source of nitrogen for growth of 7. utilis 
Fic. 4. Inhibition of the growth of C. vulgaris by canavanine and by homoarginine 


ily. On heating an acid solution of this compound for several minutes, the 
Ry value in water-saturated phenol, ammonia atmosphere, increases from 
0.13 to 0.24. Since the cyclized form of argininosuccinate proved to be 
enzymatically inactive (14, 18), it was concluded that the same might hold 
for canavaninosuccinate. Consequently, tests for canavaninosuccinate in- 
hibition were carried out by the aseptic addition of a freshly prepared solu- 
tion of this compound to the autoclaved basal medium. Canavanino- 
succinate proved to be relatively inactive as an inhibitor of 7. utilis. Since 
most organisms appear to be impermeable to argininosuccinate (14), this 
result is not considered to be evidence against the possibility that canava- 
ninosuccinate may act as an intracellular inhibitor.! 


1A gram-negative, motile bacterium, which can grow on argininosuccinate as its 
sole source of nitrogen and carbon, was isolated from soil by enrichment culture. 
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Growth Inhibitions of Green Algae—Every one of the eight species of 
green algae tested was inhibited by canavanine, although high concentra- 
tions were required to inhibit the relatively impermeable Chlorella pyrenoi- 
dosa. On the chance that canavanine might inhibit photosynthesis, one 
susceptible alga, Selenastrium minutum, was exposed to canavanine during 
measurement of its photosynthetic rate; over a 2 hour period no change 
in rate was observed, owing to the presence of canavanine. While canava- 
nine inhibition of S. minutum could be reversed by arginine, no reversal 
was noted with homoarginine. As in the case of 7’. utilis, the addition of 
homoarginine alone did not change the growth rate of S. minutum; several 
other algae tested showed similar behavior. However, some other strains 


C. VULGARIS 
HOMOARGININE CANAVANINE 
10 UG/ML. 10 UGML. 
e LYSINE-HCI 
WW 6 ARGININE-HCI 
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oO 
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‘ i i i i a A i 
20 40 60 20 40 4260 


REVERSER, UG/ML. 


Fic. 5. Reversal of homoarginine and cana, nine inhibition of C. vulgaris 


of green algae, including C. vulgaris (Columbia strain), proved to be strongly 
inhibited by homoarginine. Fig. 4 shows the results of a typical experiment 
in which growth inhibition of C. vulgaris by canavanine and homoarginine 
is compared. It can be seen that homoarginine is an extremely potent 
growth inhibitor, in this case more powerful than canavanine. 

Reversal of Inhibitions of C. vulgaris—<As shown in Fig. 5, both canavanine 
and homoarginine inhibition of C. vulgaris can be reversed by either 
L-lysine or L-arginine; pL-lysine has somewhat greater than one-half the 
activity of L-lysine. In the concentration range of Fig. 5, lysine is a better 
reversing agent than arginine, not only for homoarginine inhibition, but 
also, to a lesser extent, for canavanine inhibition. However, when the 
lysine and arginine concentrations are increased, arginine becomes the 
better reversing agent for both inhibitions, as lysine inhibition itself ap- 
parently becomes a limiting factor. 


Canavaninosuccinate would not substitute for argininosuccinate as the sole nitrogen 
source for this organism. 


ti 

Pi 

1S 

W 

SC 

Pp 

lit 

ft 

th 

C 

b 

ink 

(I 

fu 

ag 

CO 

et 

hi 

re 

rec 

str 
het 

na 

is 

Cal 

me 

| 


nt 
ne 


ne 
er 


J. B. WALKER 213 


DISCUSSION 


The fact that there are at least three compounds capable of competi- 
tively reversing canavanine inhibition of 7’. uézlis is extremely interesting, 
particularly since one of the most active reversing agents, homoarginine, 
is not known to be a normal metabolite. A scheme which is compatible 
with these experimental findings is presented in Diagram 1. In this 
scheme, arginine, homoarginine, and lysine are postulated to inhibit com- 
petitively the formation of X from canavanine added to the medium; 
X, in turn, is postulated to inhibit the conversion of S into essential metabo- 
lite P. The nature of the unknown compounds in this scheme is open to 
further speculation. For example, X might be intracellular canavanine, 
the reversing agents acting to prevent active transport of canavanine across 
cell membranes. Instead of intracellular canavanine, X might be a meta- 
bolic derivative of canavanine, such as the a-keto analogue of canavanine 


Arginine, homo- 
arginine, lysine 


Canavanine | — X 


D1aGRAM 1. Proposed explanation of multiple competitive reversal of canavanine 
inhibition. 


(19), canaline (6), or canavaninosuccinate (8), or a peptide, protein, or 
coenzyme which contains canavanine. The postulated scheme would be 
further complicated if X inhibits more than one reaction, or if a reversing 
agent acts at more than one metabolic locus (20). Another biological effect 
common to homoarginine, arginine, and lysine has been noted by Haas 
et al. (21). 

Whether or not homoarginine is a normal metabolite, it evidently has a 
high affinity for some metabolic locus, as can be inferred from both the 
reversal activity discussed above and the low concentration of homoarginine 
required to inhibit growth of C. vulgaris. Experiments failed to demon- 
strate any substrate réle for homoarginine with arginine desimidase from 
(. pyrenoidosa, or argininosuccinase from (". pyrenotdosa or jack bean; 
hence the only clue to the mechanism of homoarginine inhibition is the 
nature of the reversing compounds. From Fig. 5 it would appear that there 
is a certain similarity in the reversal pattern of both homoarginine and 
canavanine inhibition of C. vulgaris, suggesting that a similar inhibition 
mechanism may be involved. However, the experiments described in this 
study emphasize the fact that caution must be exercised in arriving at con- 
clusions, solely from the nature of the most active reversing compound, as 
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to the mechanism of an inhibition. Although the evidence appears to 
support a greater interference of canavanine and homoarginine with lysine 
metabolism of ('. vulgaris, it is conceivable that arginine might penetrate 
less readily than lysine under these experimental conditions, or that meta- 
bolic diversions of arginine (22) might occur to lower the effectiveness of 
arginine as a reversing agent. In view of the metabolic importance of 
lysine, and the inadequate information concerning its biosynthesis and 
utilization, further studies are indicated. 


SUMMARY 


Canavanine inhibition of Torulopsis utilis was found to be completely 
reversed in a competitive manner by any one of three basic amino acids: 
the normal metabolites, arginine and lysine, and homoarginine, not gener- 
ally recognized to be a normal metabolite. Hlomoarginine proved to be 
equally as active as arginine in reversing canavanine inhibition, with an 
inhibition index of 2.3 for 50 per cent inhibition. Lysine has slightly less 
than one-half the reversing activity of arginine and homoarginine. All 
eight species of green algae examined were found to be inhibited by canava- 
nine, and the growth of several species was strongly inhibited by homo- 
arginine. Half maximal inhibition of Chlorella vulgaris occurred at 2.2 
p.p.m. of canavanine or 1 p.p.m. of homoarginine; both inhibitions could 
be reversed competitively by either lysine or arginine, lysine being more 
effective than arginine at low concentrations and arginine more effective 
than lysine at high concentrations of reversing agents. Canavanino- 
succinic acid did not inhibit the growth of 7. ufilis or C. vulgaris. 


The author wishes to express his appreciation to Dr. Jack Mvers and to 
Dr. Roger J. Williams for their continued interest in this work. 
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PREPARATIONS OF OXALACETIC 
CARBOXYLASE* 
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The function of biotin in the oxalacetic carboxylase system has been re- 
viewed recently (1), and it was pointed out that this vitamin is intimately 
associated as a catalyst in the reversible fixation of carbon dioxide. This 
conclusion was based on the results of independent studies from several 
laboratories employing a variety of tissues and techniques. However, 
there has been a definite reluctance in accepting biotin as an obligatory 
coenzyme for this system or indeed for any of the enzyme systems in which 
biotin has been demonstrated to have an effect. Perhaps the most import- 
ant factor generally cited against the coenzymatic role of biotin in the ox- 
alacetic carboxylase system has been the negative reports regarding the 
presence of this vitamin in purified samples of the holoenzyme (2-5). An 
examination of these reports reveals that only the last paper (5) can be 
evaluated, since the others give no data or details of methodology. Plaut 
~ and Lardy (5) employed Lactobacillus arabinosus for the microbiological 
assay of biotin in purified oxalacetic carboxylase obtained from A zotobac- 
ter vinelandii. Acid hydrolysis was employed to liberate biotin from the 
bound state, but no increase in biotin content with increased purity of en- 
zyme was found. 

It is the purpose of the present paper to report data which demonstrate 
the presence of bound biotin in purified preparations of oxalacetic carboxyl- 
ase in concentrations paralleling the increased purity of the enzyme. The 
results demonstrate also the advantage of employing Saccharomyces cere- 
visiae rather than L. arabinosus for the microbiological assay of small 
amounts of bound biotin, and it is suggested that previous negative reports 
may have been due, at least in part, to the use of the latter organism. 


Materials and Methods 


Oxalacetic Carboxylase—The purified enzyme preparations fractionated 
from chicken liver were generously supplied by Dr. M. F. Utter’s labora- 
* This work was supported in part by grant No. RG-2916 from the National Insti- 


tutes of Health, United States Public Health Service, and the Medical Research Fund 
of the Graduate School of the University of Minnesota. 
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tory in the form of lyophilized powders. The fractions were prepared by 
Utter and Kurahashi (6). Sample F-145-1 hada specifie activity! of oxala- 
cetic carboxylase of 21.4, representing a 16-fold purification over the crude 
extract. The protein content was 2.16 mg. per 10 mg. of dried powder. 
Sample FCFEL had a specific activity of 28.3, representing a 26.2-fold 
purification, and the protein content was 1.11 mg. per 10 mg. of dried 
powder. Samples F-145-1 and FCFEL correspond approximately to Frac- 
tions F.A and FA-2, respectively, described by Utter and Kurahashi (6). 

Microbiological Assay —The organisms employed for the microbiological 
assay of biotin were S. cerevisiae (strain 139) and L. arabinosus (strain 
17-5). The medium of Snell et al. (7), modified by the addition of 100 
y of nicotinic acid and 20 y of p-aminobenzoic acid per liter, was emploved 
for S. cerevisiae, while the L. arabinosus assay was performed with the 
medium of Wright and Skeggs (8). The S. cerevisiae and L. arabinosus 
assays were read after 16 to 20 hours and 48 to 72 hours incubation, respec- 
tively, at 30°. Total growth was measured turbidimetrically with a Klett- 
Summerson photoelectric colorimeter and appropriate medium blanks. 

Free and Bound Biotin—In the present study the free biotin content. of 
the samples is defined as the amount of this vitamin assayable in aqueous 
solutions of the preparations without further treatment. This is an arbi- 
trary designation, since S. cerevisiae may respond to some bound forms of 
biotin. The bound biotin content is defined as the amount of biotin lib- 
erated by treatment of the samples with HoSO, at 121° for 60 minutes. 
The hydrolyses were carried out on aliquots (generally 1 ml.) containing 5 
mg. of acetone powder per ml. and with 1.8, 3.6, and 7.2 n HoSOs,, followed 
by adjustment of the pH to 5.0 to 5.2 by the addition of NaOH. 


RESULTS AND DISCUSSION 


Representative data obtained with S. cerevisiae as the assay organism 
are reported in Table I. Each experiment. listed was performed in an 
identical manner, except that each represents a separate hydrolysis in order 
to check the accuracy of this procedure as well as the sensitivity of the as- 
say method. Although not given in Table I, each experiment included a 
standard assay for biotin with crystalline d-biotin to set the range and ac- 
curacy of the microbiological assay. Such data are, however, presented 
in Table II and show the range for this organism to be between 0.001 and 
10 mygm. of biotin. The results obtained (Table I) reveal that signifi- 
cant amounts of biotin were liberated from both enzyme preparations after 
hydrolysis with H.SO, in concentrations not destructive to free biotin. It 
is manifest that treatment of biotin itself with HeSO, in excess of 3.6 ~ re- 


* The specific activity of carboxylase is defined in terms of units of micromoles X 
10°? of CQ, fixed per minute per mg. of protein (6). 


Experi- 


ment 


No. 


II 


III 


All assays performed with S. cerevisiae (strain 139). 
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TABLE I 
Bound Biotin Content of Oxalacetic Carboxylase 


Biotin 
| | Per ml. | 
ml, | mug. 
Biotin a 0.045 | 0.45 
“ 18 0.1 | 0.05 | 0.50 
3.6% | 0.1 10.05 | 0.50 
79" « 0.1 | 0.005 | 0.05 
F-145-1 0.05 0.004 | 0.08 0.26 
0.1 0.008 0.08 0).26 
3.6 ~ HSO, 0.05 | 0.018 | 0.36 1.17 0.91 
36" * 0.1 0.04 0.40 1.29 1.03 
a 0.05 0.002 | 0.04 
0.1 | 0.005 | 0.05 
FCFEL | 0.1 | 0 0) 0 
0.001 | 0.005 | 0.032 
“  3.6N 0.1 0.025 | 0.25 1.58 1.548 
3.6% * 0.2 |0.05 | 0.25 1.58 1.548 
0.004 | 0.04 ().25 
0.2 0.008 | 0.04 0.25 
Biotin 0.2 |0.8 
“« 36% 0.2 | 0.10 | 0.50 
@.2 | 0.01 0.05 
F-145-1 | 0.005. (0.05 0.16 
“ 18 ~ 0.1 | 0.085 | 0.35 1.13 0.97 
36° « 0.1 | 0.034 | 0.34 1.10 0.94 
0.003 | 0.03 0).097 
FCFEL 0.2 0.001 0.005 | 0.032 
| 0.2 {0.04 | 0.20 1.26 1.228 
0.2 0.005 0.025 | 0.158 
Biotin 0.2 |0.10 | 0.50 
18 ~ 0.2 (0.09 | 0.45 
94% “ | 0.2 | 0.10 0.50 
0.009 | 0.045 
F-145-1 0.2 0.014 | 0.07 0.23 
“ 1S ~ 0.2 | 0.066 | 0.33 1.07 0.84 
0.015 0.075 | 0.24 
FCFEL 0.2 0.005 | 0.032 
H.SO, 0.2 0.04 0.20 1.26 1.228 
‘ 36% 0.2 | 0.04 0.20 1.26 1.228 


().2 0.0035 0.0175 0.11 


* Bound biotin = total biotin minus free biotin. 
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sulted in marked destruction of this vitamin (approximately 10-fold re- 
duction at 7.2 N H.SO,). It is pertinent that the material liberated from 
the enzyme preparations by treatment with acid followed the same reduc- 
tion In activity at 7.2 N H2SO, as that of the biotin controls. Most import- 
ant, however, is a comparison of the results obtained with both enzyme 
preparations. Such a comparison reveals that increased purity with re- 
spect to oxalacetic carboxylase activity was accompanied by an approxi- 
mately 10-fold reduction in free biotin and a marked increase in bound bio- 
tin content. Thus, the more highly purified sample (FCFEL) contained 
23 to 37 per cent more bound biotin than Sample F-145-1. The results of 
Utter and Kurahashi (6) demonstrate that both of these preparations con- 
tain myokinase, enolase, lactic dehydrogenase, and malic dehydrogenase in 
addition to oxalacetic carboxylase, but that the concentration of all of the 
contaminating enzymes is reduced markedly upon purification; only the 
oxalacetic carboxylase concentration increased. It is therefore most im- 
portant that the increased specific activity of oxalacetic carboxylase of 
approximately 25 per cent was accompanied by a 23 to 37 per cent increase 
in bound biotin content. 

The results have been interpreted on the assumption that the material | 
liberated from the enzyme preparations was indeed biotin or a derivative 
thereof. This has been based on the fact that the material liberated re- 
places biotin for the growth of the assay organism and follows a similar 
pattern of destruction with 7.2 N H.SO,. In addition, the amount of total 
protein assayed was small enough to rule out, by a factor of at least 100, 
the possible effects of aspartic acid, a substance known to replace partially 
biotin for S. cerevisiae. Further confirmation was sought by two methods; 
namely, the effect of a specific biotin antagonist on the biotin-replacing ¢ 
activity of the material, and secondly the biotin-replacing activity of the 
material for another assay organism. 

The data of Table II demonstrate that the material present in both en- 
zyme preparations and assayable as biotin by S. cerevisiae was antagonized 
by homobiotin, an excellent antibiotin (9), thus affording additional evi- 
dence for the identity of the vitamin. Since turbidity values are given 


rf 


(Table II), it may be seen that the increased growth of S. cerevisiae ob- 6 
tained upon hydrolysis of the enzyme preparations was significant. u 

The results with L. arabinosus were of little value in determining the bio- fi 
tin content of the enzyme preparations, but a consideration of these results t] 
may be of value in evaluating previous negative reports (5), as well as in rs 
considering appropriate microorganisms for the assay of bound biotin. Hu 
The assayable range for biotin with this organism was found to be approxi- a 
mately 0.05 to 10 mugm., which represents about a 50-fold reduction in ad 


sensitivity when compared with S. cerevisiae. This is in itself a serious on 
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drawback in the use of L. arabinosus for the assay of very small amounts 
of biotin. Thus, although 1 ml. aliquots of the sample were used in the 
L. arabinosus method in contrast to 0.05 to 0.2 ml. when S. cerevisiae was 
employed, the free biotin content of Sample FCFEL was too low to be 
assayed with L. arabinosus, whereas Sample F-145-1, while near the limit 
of sensitivity for this organism, gave results which checked well with those 


TaBLeE II 
Effect of Homobiotin on Biotin Activity of Oxalacetic Carboxylase Preparations 


Growth of S. 
Additions cerevisiae 
(strain 139) 


+ hemobiatin, 104... | 10 


| 


The homobiotin was supplied by Hoffmann-La Roche, Ine., Nutley, New Jersey. 
* Klett-Summerson readings after 18 hours growth at 30°. 


of the yeast. Limitation of available enzyme preparation as well as the 
undesirability of adding large quantities of protein to the medium made 
further studies along these lines impractical. More important perhaps was 
the apparent decreased resistance of biotin to acid hydrolysis. In contrast 
to S. cerevisiae, which showed no decrease in activity of biotin until the 
H.SO, concentration exceeded 3.6 N, results with 1. arabinosus revealed a 
5- to 10-fold decrease after treatment with 1.8 nN H.SQ,, a 50-fold reduction 
at. 3.6 N acid, and almost complete destruction of the biotin activity for this 
organism after hydrolysis with 7.2 N H2SO,. These results are interpreted 
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to suggest that acid hydrolysis even at 1.8 N results in considerable altera- 
tion of the biotin molecule, rendering it unavailable to L. arabinosus, but 
without loss in activity for S. cerevisiae. These results are in agreement 
with the comprehensive study of Bowden and Peterson (10). On the basis 
of both the acid destruction of biotin and the lower sensitivity of the 
growth response of L. arabinosus to this vitamin, it was not surprising to 
be unable to demonstrate an increase in biotin content as a result of acid 
hydrolysis of the enzyme preparations. Further it is possible that previous 
negative reports of the presence of bound biotin in preparations of oxalace- 
tic carboxylase may have been due to the use of L. arabinosus rather than 
S. cerevisiae as the assay organism, as well as to insufficient hydrolysis. 
The existence of bound forms of biotin in natural materials requiring 
greater than 1.8 N H2SO,q hydrolysis has been noted previously (1, 10). 


SUMMARY 


Preparations of purified oxalacetic carboxylase have been assayed for 
free and bound biotin by microbiological methods. The data presented 
demonstrate the occurrence of bound biotin in such preparations. Within 
the limits of error of the methods employed, a significant correlation was 
found between the degree of purity of the enzyme and the concentration of 
bound biotin present. It is suggested that previous negative reports of the 
presence of bound biotin in preparations of oxalacetic carboxylase may 
have been due in part to the assay organism employed. 
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BRAIN THIOESTERASES* 
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The elucidation of the function of acetyl coenzyme A (CoA) in acetyl 
transfer reactions (1) has suggested a more general rdéle for thio esters in 
biosynthetic processes. Up to the present time, however, only thio esters 
of coenzyme A and either aliphatic (1) or aromatic acids (2) have been 
shown to participate in enzymatically catalyzed condensation reactions. 
By analogy with acetyl CoA it has been considered that y-glutamyl CoA 
might be an intermediate in the formation of the amide bond of glutamine 
or of glutathione (GSH). Despite considerable effort, participation of co- 
enzyme A has not been demonstrated in these systems, but the possibility 
exists that free or protein-bound (3) mercaptans may be part of such a 
thio ester. Support for such a working hypothesis is obtained from the 
findings that thio esters of amino acids may be used in lieu of other mixed 
anhydrides such as acyl phosphates or halides in the non-enzymatic syn- 
thesis of amide bonds (4). 

At the present time a possible participation of thio esters in biological 
amide bond formation can be approached only by the use of model sub- 
strates. In preliminary experiments it was found that S-carbobenzyloxy- 
glutamyl GSH, prepared from carbobenzyloxyglutamic acid anhydride and 
GSH, was rapidly split by an extract of ox brain. GSH was chosen as the 
mercaptan moiety since it may be taken as a representative of protein- 
bound sulfhydryl groups and since, on the basis of its rapid turnover, the 
suggestion had been made that the tripeptide may be involved in the 
mechanism of peptide synthesis (5). Because of the probable difficulties 
which would arise from the use of an amino acid with three reactive groups, 
and because of the great lability of S-y-glutamy] glutathione! (6), the acetyl 
group was used instead of the glutamyl group as the acyl moiety, with the 
expectation that some of the information obtained with S-acetyl GSH 
would be useful in the study of glutamic acid thio esters. 

In the experiments to be described we are reporting on an investigation 
of three aspects of the problem with the aid of S-acetyl GSH as the model 


* This work was supported in part by grants from the National Institute of Neuro- 
logical Diseases and Blindness (grant No. B-226) of the National Institutes of 
Health, United States Public Health Service, and by a contract between the Office 
of Naval Research and the New York State Psychiatric Institute. 

1 Sachs, H., and Waelsch, H., in preparation. 
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substrate. These aspects are (a) the enzymatic splitting of S-acetyl GSH, 
(b) the formation of N-acetylcysteine from S-acetyl GSH and cysteine (8 
to N transfer), and (c) the migration of the acetyl group of S-acetyl GSH 
(S to § transfer). It is likely that each of these general processes has to 
operate if thio esters should participate in amide bond synthesis. A pos- 
sible more general significance of aminoacyl mercaptans encompassing the 
formation not only of peptidic but also of peptide bonds may be indicated 
by the recent finding that there exist distinct enzymatic activities hydro- 
lyzing a variety of substituted and unsubstituted aminoacy] thio esters of 
GSH and cysteine (6). 


EXPERIMENTAL 


Substrates-—S-Acetyl GSH was prepared in a manner similar to that de- 
seribed by Kielley and Bradley (7) and was recrystallized from water- 
ethanol. The product melted at 205° and the hydroxamie acid obtained 
with the procedure of Lipmann and Tuttle (8) had an extinction coefficient 
equal to that of an authentic sample of acetohydroxamic acid prepared 
from acetic anhydride and hydroxylamine, and purified by distillation zn 
vacuo. 

S-Alanyl GSH and S-acetylglyecyl GSH were prepared from the thio- 
phenol esters by modification of the procedures described by Wieland et al. 
(9, 10). Details of the procedures and analytical data will be given else- 
where. 

N ,S-Diacetyleysteine was prepared according to Neuberger (11) and N- 
acetyleysteine as described by Pirie and Hele (12). The intermediate 
formed by the action of glyoxalase I on methylglyoxal and GSH was ob- 
tained enzymatically according to Racker (13), acetyl CoA by the method 
of Wilson (14), and S-crotonyl GSH by modification of the general pro- 
cedures of Wenzel and Reid (15). 

C" randomly labeled GSH was obtained commercially. 

S-2 ,4-Dinitrophenyl-N -acetyleysteine—1 ,2 ,4-Fluorodinitrobenzene (0.2 
ml.) was added to a solution of N-acetylcysteine (0.5 mm) and sodium 
bicarbonate (3 mM) in 7 ml. of 60 per cent aqueous ethanol and shaken for 
1 hour. The mixture was extracted four times with ether. After the last 
extraction, the aqueous phase was acidified with dilute sulfuric acid to 
pH 2. The acidified solution was repeatedly extracted with ether. The 
ether extract was dried over sodium sulfate and petroleum ether was added. 
On standing, crystalline S-dinitrophenyl-\-acetyleysteine separated, and 
was recrystallized from boiling water, m.p. 183° corrected, with decompo- 
sition, vield 73 mg., 44 per cent. 


C,,;HyO7N;30;7 (329.3). Calculated. N 12.8, Ss 9.7, 40.1 
Found. ** 12.7, ** 9.6, ** 40.2 
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Preparation of Brain Thioesterase—Extracts of acetone-dried powders of 
ox brain and of brain homogenates were used as the source of the enzyme. 
Acetone powders were prepared in the same manner as described for liver 
(16). The extracts were made either with a mixture of 0.16 m NaCl-0.02 
mM NaHCO; or with 0.05 M tris(hydroxymethyl)aminomethane (Tris), pH 
7.6. All operations were performed in the cold room at 0-4°. Acetone- 
dried powders were stirred with 10 volumes of buffer for 20 to 30 minutes 
and centrifuged. Fresh brain cortex was homogenized in the Waring 
blendor with a small volume of the buffer and stirred in the cold for 20 to 
30 minutes with a total of 2 volumes of buffer and centrifuged. The initial 
extracts were concentrated by addition of solid ammonium sulfate to 60 
per cent saturation and stirring for 30 minutes. After centrifuging, the 
precipitate was dissolved in one-tenth of the volume of the original extract 
with the same buffer and dialyzed against the same buffer containing thio- 
glycolate (0.001 m) overnight. The dialyzed solution was heated to 53-55° 
for 5 minutes, rapidly cooled, and centrifuged. Solid ammonium sulfate 
was added to the supernatant fluid to 10 per cent saturation, the solution 
was stirred for 20 minutes, and centrifuged. Ammonium sulfate was 
added to the supernatant solution to 25 per cent saturation and the pro- 
cedure repeated. This second precipitate was dissolved in 0.05 m Tris 
buffer, pH 7.6, and dialyzed overnight against the buffer-thioglycolate mix- 
ture mentioned before. The resulting solution which represented a 3- to 
5-fold purification over the initial extract was used for most of the experi- 
ments reported here. The enzyme solutions appear to be quite stable and 
have been kept at — 15° for many months without loss of activity. Dilute 
solutions are, however, much less stable. Further purification of the en- 
zyme has proved to be thus far unexpectedly difficult. Large and variable 
losses of activity have been obtained with various attempted methods of 
purification, including salt fractionation. 

Determination of Enzymatic Activity—Unless otherwise stated, 5 uwmoles 
of the thio ester, 50 wmoles of Tris buffer, pH 7.6, and enzyme in a total 
volume of 1.0 ml. were incubated at 30° for 15 minutes. 1.0 ml. of 14 per 
cent neutralized hydroxylamine was then added and the hydroxamic acid 
formed was measured according to Lipmann and Tuttle (8). The color 
density was measured at 500 my in the Coleman junior spectrophotometer, 
cuvette No. 6308B. Under these conditions an optical density of 0.320 
was obtained with 1 umole of S-acetyl GSH or of acetohydroxamie acid. 
The difference between the values obtained after enzymatic incubation and 
a corresponding non-enzymatic incubation represents enzymatic hydrolysis. 

Alternatively, activity was measured by following the decrease of ab- 
sorption at 230 to 240 mu in the Beckman spectrophotometer as described 
by Racker (13). By using either of these two methods, it was found that 
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the rate of hydrolysis was proportional to enzyme concentration over a 
limited range with dilute solutions of enzyme. Fig. 1 presents the results 
obtained with the spectrophotometric assay. 

The protein concentration was determined spectrophotometrically by 
measurement of the light absorption at wave-lengths of 280 and 260 mu. 
A correction was made for the nucleic acid content from the data of War- 
burg and Christian (17). The spectrophotometric assay could not be used 
to determine the saturating concentration of S-acetyl GSH because of the 
high extinction coefficient of the substrate. By the hydroxamic acid assay 
the saturating concentration was determined to be about 0.01 mM and K, (18) 
equal to about | K 10-*mM. Some uncertainty is felt in regard to this value, 
for at lower concentrations of substrate the deviation from true initial 
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Kia. 1. Thioesterase activity as a function of enzyme concentration. S-Acetyl 
GSH 0.5 umole, Tris buffer, pl! 7.6, 144 wmoles. Total volume 3.0 ml.; incubated at 
27° for 5 minutes. 


rates was greater than at higher concentrations, since small differences are 
being measured. 

Enzymatic Hydrolysis of S-Acetyl GSH--In order to identify the prod- 
ucts formed by the enzymatic hydrolysis of S-acetyl GSI], several large 
scale experiments were carried out. 50 umoles of S-acetyl GSH were incu- 
bated with either 500 uwmoles of Tris buffer, pH 7.6, or 500 uwmoles of phos- 
phate buffer, pH 7.6, and 23 mg. of brain protein in a total volume of 10 
ml. at 30° for 30 minutes. Preliminary experiments had shown that under 
these conditions complete hydrolysis of the thio ester was obtained. 1 ml. 
of 3 N HSO, was added and the solution centrifuged. An aliquot of the 
supernatant solution was titrated with standard iodine to determine free 
--SH, and corrected for a blank titration performed on a corresponding 
enzymatic incubation without substrate. (The substrate itself contained 
no titratable -—SH groups.) Another aliquot of the supernatant solution 
was well mixed with Celite and extracted with ether (19). The ether ex- 
tract was titrated with standard alkali and corrected for a blank titration 
without substrate. The data of two representative experiments shown in 
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Table I indicate that, in either Tris or phosphate buffer, S-acetyl GSH is 
quantitatively hydrolyzed by brain thioesterase to acetic acid and GSH. 
pH Optimum (Fig. 2)---The hydrolysis of S-acetyl GSH by brain thio- 
esterase as a function of pH was studied in several buffer mixtures, includ- 
ing acetate, phthalate, succinate, maleate, phosphate, Tris, and 2-amino,- 
2-methyl-1 ,3-propanediol. The results were the same, irrespective of the 
buffer used. Maximal activity was obtained in the region of pH 8.2 to 
8.3, dropping off sharply above this region. From pH 8 to 5 the activity 
falls off very gradually, and at pH 5 it is still about 70 per cent of the 


TABLE I 
Hydrolysis Products of 50 wmoles of S-Acetyl GSH 


Tris buffer Phosphate buffer 
pmoles pmoles 


The experimental conditions are described in the text. 


2) 
oO 
re) 
Q 
1OO;- 
5 6 7 8 9 
PH 


Kia. 2. Effect of pH on the enzymatic hydrolysis of S-acety]l GSH. Conditions as 
described in the text. Buffer concentration, 50 wmoles per ml. 


maximum. The values shown in Fig. 2 have been corrected for non- 
enzymatic breakdown of S-acetyl GSH, which under these conditions be- 
comes measurable at pH 8 and higher. 

Specificitty-—The brain preparation was found capable of hydrolyzing a 
number of acyl and aminoacyl thio esters. The comparative rates of 
hydrolysis are listed in Table II, where the rate with respect to S-acety] 
GSH is arbitrarily chosen as 100. A similar range of activity in liver prep- 
arations has been found to be due probably to the existence of more than 
one enzyme, since the activities were found to vary in relation to each 
other with different ammonium sulfate fractions. ‘These preliminary re- 
sults have been reported elsewhere (6). It seems likely that similar results 
will be obtained with the brain preparation. 
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A study of the glutamy] thio esters will be reported in the near future.! 

Activators and Inhibitors—The hydrolysis of S-acety] GSH was stimu- 
lated by and Mn**. 1 Fe** and 5 X& increased 
enzymatic activity 35 and 40 per cent, respectively. a@,a-Dipyridyl, how- 
ever, did not inhibit, indicating that, if Fett ion is a prosthetic group of 
the enzyme, it must be bound in some form that prevents coupling with 
the above compound. In view of the large losses of activity obtained with 
ammonium sulfate precipitation, it appears possible that Fe+*+ and Mn++ 
either partially displace from the enzyme some inhibitory trace metal origi- 
nally present in the ammonium sulfate or partially replace an active metal 
which has been removed by the salt fractionation. However, Cutt, Pb*, 


TaBLeE II 
Hydrolysis of Thio Esters by Brain Thioesterase 
Substrate Comparative rate of hydrolysis 
Glyoxalase I intermediate........................ ou 105 
S-Crotonyl GSH............ 115 


5 wmoles of S-alanyl GSH and 2.5 wmoles of the other substrates were incubated 
with 1 mg. of protein and 50 wmoles of Tris buffer, pII 7.6, in a total of 1 ml. for 15 
minutes at 30°. 


Batt+, Cot*, and Mg** had little or no effect in concentration up to 1 X 
10-* m, while 5 & 10-* mM Versene inhibited slightly. Atoxyl (sodium p- 
aminophenylarsonate), tetraethyl pyrophosphate, physostigmine, quinine, 
and iodoacetate up to concentrations of 10-* m had no effect on enzymatic 
activity. More complete studies on inhibitors and activators must await 
further purification of the enzyme. 


Transfer Reactions 


In order to explore the possibility that the brain thioesterase system may 
be catalyzing not only hydrolysis but also transfer of the acyl moiety, ex- 
periments were carried out in which S-acetyl GSH was incubated with en- 
zyme in the presence of ammonia, hydroxylamine, and a number of amino 
acids. Under the conditions used, enzymatic acyl transfer could not be 
detected. With cysteine a rapid non-enzymatic transfer of the acetyl 
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group from S-acetyl GSH was found. A similar observation with acetyl 
CoA and cysteine has been reported by Stadtman (20). This non-enzy- 
matic transfer was very dependent on pH, the maximal rate of reaction 
occurring at pH 8.5 and dropping off sharply in more acidic medium, so 
that at pH 5.5 and below no reaction took place (Fig. 3). The acyl trans- 
fer was measured both by the disappearance of S-acetyl GSH in the pres- 
ence of cysteine and by the formation of N-acetylcysteine, which was esti- 
mated by a method based on the procedure of Katz et al. (21). 0.9 ml. of 
the reaction mixture after incubation (Fig. 3) was heated with 1 ml. of 28 
per cent hydroxylamine solution, adjusted to pH 6, in a boiling water bath 
for 20 minutes. ‘The solution was cooled and 1 ml. of a mixture containing 
10 per cent FeCl;, 2 N HCI, and 10 per cent trichloroacetic acid was added. 


MICROMOLES 


Fic. 3. Formation of N-acetyleysteine from S-acetyl GSH and cysteine. xX, 
S-acetyl GSH; O, N-acetyleysteine. S-Acetyl GSH 5 umoles, cysteine 10 umoles, 
potassium phthalate 16.7 wmoles, potassium phosphate 16.7 wmoles, and Tris 16.7 
umoles. Total volume 1 ml.; incubated at 30° for 15 minutes. 


In another aliquot the residual S-acetyl GSH was determined in the usual 
manner. ‘The amount of residual S-acetyl GSH as well as a blank arising 
from the buffers was deducted from the value found for N-acetylcysteine. 
Fig. 4 shows the standard curve obtained with synthetic N-acetylcysteine 
heated with hydroxylamine solution as described above. 

N-Acetyleysteine was further identified by paper chromatography and 
by isolation of the dinitrophenyl derivative. The reaction mixture after 
incubation was acidified with sulfuric acid, and the denatured proteins 
were removed by centrifugation. The supernatant fluid was intimately 
mixed with 2 parts of Celite and the mixture extracted with ether for 2 
hours with a Soxhlet extractor. The ethereal extract which gave a posi- 
tive nitroprusside reaction was concentrated to a small volume and an 
aliquot chromatographed on Whatman No. 1 paper, phenol-water being 
used as the developing mixture. The location of the spots was determined 
with the aid of a nitroprusside reagent (22). The Ry, of the product so 
obtained was the same as that of an authentic sample of N-acetylcysteine. 
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A large scale experiment was carried out in which S-acetyl GSH (343 
umoles, 120 mg.) was incubated with cysteine hydrochloride (686 yumoles, 
104 mg.) and Tris buffer, pH 7.6 (150 umoles) in a total volume of 3 ml. 
at 30°. 0.1 m KOH was added to bring the pH to 7.6, and this pH was 
maintained by several additions of 0.5 m Tris buffer, pH 7.6, during the 
course of incubation. At the end of 1 hour approximately 90 per cent of 
the S-acetyl GSH had disappeared, as measured with an aliquot by the 
hydroxamic acid reaction. The solution was acidified with sulfuric acid to 
pH 2, intimately mixed with 6 gm. of Celite, and extracted with ether as 
previously described. An aliquot of the ether extract gave a nitroprusside 
reaction corresponding to 50 mg. of acetyleysteine. The ether extract was 
reextracted with 3 ml. of cold 0.5 m NaHCO;. Fluorodinitrobenzene (100 
mg.) in 4 ml. of ethanol was added to the bicarbonate solution and the iso- 
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Fic. 4. Formation of hydroxamic acid by boiling N-acetyleysteine with hydroxyl- 
amine. Conditions as described in the text. 


lation of the dinitrophenyl derivative carried out in the same manner as 
described in the experimental section. After recrystallization from hot 
water (yield 30 mg.), the compound melted at 181—-182° with decomposi- 
tion, and gave no depression of the mixed melting point with the authentic 
sample of the S-dinitrophenyl-N-acetylcysteine. 

The formation of N-acetylcysteine in this system presumably takes place 
by means of the intermediate formation of S-acetylcysteine, a ring closure 
to form a transitory thiazolidine ring followed by rupture of the carbon- 
sulfur bond. 

It is probable that the recent observations of Harting and Velick (23) 
and Stadtman (20) on the presumed formation of an unstable S-acetylcys- 
teine which is rapidly decomposed can be explained as due to formation of 
N-acetyleysteine. This raises the question of whether activation by cys- 
teine of acyl transfer reactions, in which coenzyme A or another mercaptan 
is a participant, may not also be a result of a shift in the equilibrium by 
formation of N-acetylcysteine as well as of a reduction of S—S to -—-SH. 
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In the experiments on N-acetylcysteine formation the concentration of 
eysteine was twice that of the S-acety] GSH, and N-acetylcysteine was 
formed quantitatively. With concentrations of cysteine equal to or less 
than that of S-acetyl GSH, the possibility of S,N-diacetyleysteine forma- 
tion also exists since the N-acetylcysteine initially formed can act as an 
acetyl acceptor to yield S,N-diacetyleysteine. This compound is stable 
and can react with hydroxylamine in the same manner as S-acetyl GSH. 
Thus it would be expected that incubation of excess S-acetyl GSH and 
cysteine would result in an equilibrium mixture of S-acetyl GSH and S,N- 
diacetyleysteine. And indeed it was observed experimentally that, upon 
incubation of excess S-acetyl GSH with cysteine, a constant value for 
hydroxamic reacting substances was obtained after an initial decrease. 

Enzymatic S to S Transfer—The extremely rapid rate of non-enzymatic 
transfer of acetyl from GSH to cysteine made it difficult to show whether 
or not this reaction was also enzymatically catalyzed. Below pH 5.5, 
where the non-enzymatic reaction was very slow, there was an indication 
of enzymatic formation of N-acetylcysteine to an extent not large enough 
to be considered unequivocal. Furthermore, the evidence for a non- 
enzymatic 8 to § transfer (S-acetyl GSH to S-acetyleysteine) preceding the 
S to N transfer (S-acetyleysteine to N-acetylcysteine) was circumstantial. 
Therefore, in order to establish whether 8S to 5 transfer does occur with or 
without enzymatic catalysis, experiments were carried out with radioactive 
GSH. S-Acetyl GSH, GSH randomly labeled with C™, buffer, and enzyme 
were incubated at 30° for 30 minutes. Non-enzymatic controls were 
carried out in an identical manner. An aliquot was removed for the de- 
termination of residual S-acety] GSH. At the same time a volume of 90 
per cent formic acid equal to that of the remaining incubation mixture was 
added in order to stop the reaction. The GSH was oxidized by the addi- 
tion of a slight excess of an iodine solution. An aliquot of the mixture 
was streaked along one edge of a large sheet of Whatman No. 1 filter paper 
and the chromatogram was developed with 70 per cent ethanol. Reaction 
with ninhydrin showed two sharply defined and widely separated bands 
corresponding to S-acetyl GSH and oxidized glutathione. Each band was 
cut into small approximately equal pieces and the total radioactivity de- 
termined with the aid of a gas flow counter. The results of several experi- 
ments indicate that at alkaline pH the rate of the enzyme-catalyzed ex- 
change was faster than the non-enzymatic exchange. At pH 5.5 no 
non-enzymatic exchange whatsoever took place, whereas the enzymatically 
catalyzed reaction still proceeded, although more slowly. The results of 
representative experiments as shown in Table III are expressed in terms of 
specific activity. It was found, however, that a considerable discrepancy 
existed between the total counts, as determined by measurement of the 
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radioactivity of a single spot applied on paper, and the recovery of the 
products after chromatography. Chromatography of known samples re- 
vealed that the apparent loss of activity resulted from the proportional 
increase in self-absorption obtained when a single small spot is spread over 
a large area of paper and from “streaking” of the components in amounts 
too small to be detected by ninhydrin. 


TaBLe III 
Exchange of Radioactive GSH with S-Acetyl GSH 
Specific activity, counts per micromole. 


pH 7.6 pH 5.5 
Experiment 1 Experiment 2 | Experiment 3 
| 


Non-enzymatic, acetyl] 1890 | 1480 0 


residual GSH.............. 4600 5090 3240 
Enzymatic, acetyl GSH.................... 570 


Thioesterase partially purified from brain acetone powder, 0.3 mg. in Experiments 
1 and 2, 1.8 mg. in Experiment 3; S-acety] GSH 5 wmoles, GSH 5 wmoles in all the 
experiments. Tris buffer, 100 wmoles in Experiments 1 and 2. Acetate buffer, 100 
umoles in Experiment 3, H.0 to 1.0 ml. Incubation 30 minutes at 30°. Non-enzy- 
matic controls with identical amounts without enzyme. 


DISCUSSION 


While this work was in progress, reports have appeared from several 
other laboratories concerning the enzymatic hydrolysis of acyl and amino- 
acyl thio esters (7, 24, 25), and the question arises as to the possible identity 
of thioesterase activity with either oxyesterases or peptidases. While 
it is too soon to decide whether any of the reported thioesterases are identi- 
cal with those described here, the lack of inhibition by atoxyl and tetra- 
ethyl pyrophosphate especially and the inactivity of brain thioesterase with 
respect to ethyl acetate appear to rule out a number of esterases and prote- 
inases. The question of the function of the enzymatic system described 
remains open since no evidence exists for a physiological rédle for S-acety] 
GSH or any other thio ester of GSH or substituted cysteine. Thus far 
only thio esters of CoA have been reported to take part in biosynthetic 
reactions, but the thioesterases described here have little or no activity on 
acetyl CoA (Table II). In view of the inability of the thioesterase to 
catalyze transfer to amine acceptors, and the very rapid non-enzymatic 
S to 8 exchange at physiological pH, the significance of an enzymatically 
catalyzed exchange is not apparent. This might mean that the activity 
with model substrates only dimly reflects the actual physiological function 
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proper coupling enzymes and acceptors. 


cysteine. 
S-acetyl glutathione as substrate has been carried out. 
the chemical and enzymatic behavior of S-acetyl glutathione in regard to 


SUMMARY 


A brain protein extract has been obtained which is able to hydrolyze a 
number of acyl and aminoacyl thio esters of glutathione and N-acetyl 
An investigation of the enzymatic behavior of this extract with 
Some aspects of 


hydrolysis, 8 toS transfer, and 8 to N transfer have been reported. 
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AMINO TERMINAL GROUP IN CHYMOTRYPSINOGEN 


By F. R. BETTELHEIM* 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, August 5, 1954) 


Bovine chymotrypsinogen @ was examined for N-terminal groups by 
Rovery et al. (1), using both the dinitrophenyl (DNP) and the phenyl 
isocyanate techniques (2, 3). Their failure to find evidence for any such 
group, together with the absence of a C-terminal residue reactive towards 
carboxypeptidase (4), suggested that this protein consists of one or more 
cyclic peptide chains. Evidence has now been obtained that one amino 
group of a cystine residue is free in chymotrypsinogen. 

No ether-extractable DN P-amino acid could be detected in hydrolysates 
of DNP-chymotrypsinogen in amounts corresponding to more than 0.1 resi- 
due per mole. However, after long periods (40 hours) of hydrolysis in 5.7 
n HCI, and also after hydrolysis for 6 hours in 12 nN HC], an ether-extract- 
able substance was found which moved in the fert-amyl aleohol chromato- 
graphic system (5) slightly faster than DNP-threonine, but was distin- 
guished from DNP-amino acids by having a brownish rather than a yellow 
color. This brown substance was not found when the DNP protein was 
oxidized with performic acid (6) before hydrolysis. Of the DNP deriva- 
tives of amino acids likely to be affected by this treatment, bis-DNP- 
cystine was found to give rise to the same brown material on heating in 
HCl, whereas DNP-methionine and DNP-tryptophan did not. Mono- 
DNP-eystine behaved like the bis-DNP derivative in this respect, as was 
to be expected from the interconvertibility of the two in strong acid (7). 
The nature of the brown substance is not known. Its ultraviolet absorp- 
tion spectrum showed a broad maximum near 400 my, instead of the sharp 
peak near 350 my characteristic of DNP-amino acids. It was destroyed by 
performic acid without giving rise to DNP-cysteic acid. Decomposition 
products of DNP derivatives of cystine have also been observed by Porter 
and Sanger (8) and by Davoll et al. (9). 

Yields of the brown substance were far from reproducible, and for quanti- 
tative work the \-terminal cystine was estimated as DNP-cysteie acid 
after oxidation of the DNP protein with performie acid. 


* Present address, Department of Biochemistry, University of Cambridge, I:ng- 
land. 
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EXPERIMENTAL 
Materials 


Chymotrypsinogen—This was prepared by the usual method (10); two 
samples were used, recrystallized five and nine times respectively. The 
chymotrypsin content of these preparations, determined with acetyl-L- 
tyrosine ethyl ester as substrate, was only about 0.2 per cent; nevertheless, 
to minimize the danger of proteolysis during coupling with dinitrofluoro- 
benzene, the proteins were first treated with diisopropyl phosphofluoridate 
(11). The results were the same when the protein was dissolved in 6 m 
urea or denatured by heating at 100° at pH 6 for 5 minutes, instead of being 
used in the native state. It was assumed that the air-dried DNP deriva- 
tive corresponds to 0.75 times its weight of dry protein. The molecular 
weight was taken to be 23,000 (12). 

Mono-DN P-1-cystine—1.2 gm. of L-cystine and 2 gm. of NazsCO3 were 
dissolved in 50 ml. of water, and 0.9 gm. of dinitrofluorobenzene dissolved in 
5 ml. of ethanol was added with constant stirring during 20 minutes. After 
stirring for a further 20 minutes, the pH was adjusted to 7 with HCl and a 
precipitate of unchanged cystine filtered. The solution was then further 
acidified with HCl and concentrated, and the NaCl was precipitated with 
acetone; the product was taken to dryness; the residue was washed with 
ether and crystallized from water; m.p. 187° (uncorrected). Yield, 0.6 
gm. (found,! C 35.37, H 3.36, 8S 15.68 per cent; CyoHyOsNySe2 requires C 
35.5, H 3.45, S 15.8 per cent). 

Potassium Salt of DN P-L-cysteic Acid—0.2 gm. of bis-DNP-.-cystine was 
oxidized with 10 ml. of performic acid for 30 minutes. The product was 
taken to dryness, dissolved in a little water, brought to pH 6 with KOH, 
and crystallized by the addition of ethanol and ether. Yield, 0.2 gm. 
Analysis showed these crystals to be the dihydrate of the dipotassium salt. 
(Found, C 23.97, H 2.59, K 17.59, S 6.92 per cent; CyH7OgN3K.S-2H20 
requires C 24.2, H 2.46, K 17.4, 8S 7.15 per cent.) 


Results 


Yield of DNP-cysteic Acid from Chymotrypsinogen—Chymotry psinogen 
was converted into the DNP derivative by the method of Sanger (2). 100 
mg. of DNP-chymotrypsinogen were dissolved in 3 ml. of 98 per cent for- 
mic acid and treated for 30 minutes at 25° with 3 ml. of performic acid 
(a 9:1 volume per volume mixture of 98 per cent formic acid and 30 per 
cent H.Ovc, allowed to stand for 30 minutes before use (6)). Residual per- 
oxide causes extensive destruction of DNP-amino acids during hydrolysis 
(cf. (13)) and was therefore thoroughly removed. To do this, the oxidized 


1 Microanalyses by Dr. A. Elek. 
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DNP protein was precipitated with a large excess of peroxide-free ether, 
redissolved in formic acid, and precipitated with ether twice more. 
Hydrolysis was carried out in 5.7 N HCl in sealed tubes at 105°. DNP- 
eysteic acid is not extractable into ether from an aqueous solution, and a 
special technique had to be used to prepare it for chromatography. The 
hydrolysates were extracted with ether and taken to dryness under reduced 
pressure; the residue was dissolved in a little water and shaken for 30 min- 
utes with enough Dowex 50 ion exchange resin in the H* form to adsorb 
e-N-DNP-lysine and free amino acids. The yellow material remaining in 
solution, which was not obtained from unoxidized DN P-chymotrypsinogen, 
was identical with synthetic DNP-cysteic acid by paper chromatography 
with butanol-acetic acid-water (14) (Ry = 0.5) and phenol-ammonia (15) 
(Ry = 0.4). The former system was used for quantitative estimation, 


TABLE 
Yield of DNP-cysteic Acid from Chymotrypsinogen 


Sample No. Length of hydrolysis Estimated destruction* | mole of chymotrypsinogen 


hrs. per cent of original | 


1 | 18 45 | 0.77 
2 | 12 30 | 0.75 
0.80 


2t | 12 | 30 


* See the text. 
+t Time of oxidation increased to 90 minutes. 


which was carried out spectrophotometrically at 350 my after elution of 
the spots with 5 ml. of 1 per cent NaHCO; at 100° for 2 minutes. 

In order to correct as accurately as possible for destruction during hy- 
drolysis, determinations were made of the recovery of DNP-cysteic acid 
added to unoxidized DNP-chymotrypsinogen and subjected to the same 
period of hydrolysis and subsequent treatment. After correction on this 
basis, the amounts of DNP-cysteic acid obtained from oxidized DNP- 
chymotrypsinogen were consistently found to correspond to about 0.8 
residue per mole (Table I). 


DISCUSSION 


In view of the fact that Schram et al. (16) were unable to obtain yields 
of cysteic acid higher than about 90 per cent from cystine, the yields of 
DNP-cysteic acid reported here may be taken to correspond, within the 
limits of error inherent in the technique and the assumptions made, to 1 


mole per mole of chymotrypsinogen. 


This is strong evidence that one 


amino group of a cystine residue is free in this protein. 


It is clear that the 
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DNP-cysteic acid cannot be derived from a cysteine residue, since chymo- 
trypsinogen is devoid of sulfhydryl groups,” and since the product of the 
action of performic acid on N ,S-bis-DNP-cysteine is chromatographically 
distinct from DNP-cysteic acid. Since DNP-cysteie acid is not present in 
the free state until after hydrolysis, the carboxyl group of the half cystine 


residue involved must be in peptide combination. The situation in chymo- 


trypsinogen is similar to that in oxytocin (17) and vasopressin (18) and can 
be conveniently described by the statement that the protein contains an 
N-terminal half cystine residue. It may, therefore, also contain a C-ter- 
minal residue; the failure of carboxypeptidase to liberate any amino acid 
(4) cannot be taken as conclusive evidence for the absence of such a group. 

The conclusion drawn from the present work does not conflict with the 
results obtained with the phenyl isocyanate procedure (1). Since the \- 
terminal half cystine residue is bound to the rest of the protein by a disulfide 
link as well as a peptide bond, it would not be expected to yield a thiohy- 
dantoin extractable into ethyl acetate. 


The author would like to thank Dr. Hans Neurath for his interest in this 
work, which was carried out under contract No. Nonr-477-04 between the 
University of Washington and the Office of Naval Research, Department 
of the Navy, and with the support of the National Institutes of Health, 
United States Public Health Service. 


SUMMARY 


Evidence is presented that bovine chymotrypsinogen a@ contains one 
N-terminal half cystine residue. 
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THE RAPID ACTIVATION OF CHYMOTRYPSINOGEN 


By F. R. BETTELHEIM* ann HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, August 5, 1954) 


Studies of the rapid activation of chymotrypsinogen, by relatively high 
concentrations of trypsin, led Jacobsen (1) to postulate the existence of 
forms of chymotrypsin more active than the crystalline a-chymotrypsin of 
Kunitz and Northrop (2). According to his proposed scheme, an initial 
tryptic hydrolysis yields an unstable intermediate, 7-chymotrypsin, which 
is further transformed by two, presumably competing, reactions: (1) further 
tryptic hydrolysis, leading to 6-chymotrypsin, and (2) chymotryptic (or 
spontaneous) hydrolysis to yield a-chymotrypsin. Activation mixtures 
containing the 6 enzyme were found to have a higher activity in the milk- 
clotting assay than crystalline a-chymotrypsin (1), and to differ from the 
latter enzyme also in kinetic constants for the hydrolysis of three synthetic 
substrates, but not in sedimentation behavior (3). 

Although Jacobsen’s activation scheme holds much appeal, experimental 
proof for its details has never been established. In the present study, the 
rapid activation of chymotrypsinogen has been followed by moving bound- 
ary electrophoresis and also by analyses for N- and C-terminal groups, so 
as to permit comparison with data for crystalline chymotrypsins (4-7). 
In order to distinguish, as far as possible, tryptic from chymotryptic effects, 
use has also been made of inhibitors of each of these two activities. While 
this work was in progress, two notes appeared (8, 9), reporting results 
which are substantially in agreement with some of those reported herein. 


EXPERIMENTAL 
Materials 


Chymotrypsinogen a was prepared by the method of Kunitz and Northrop 
(2), and recrystallized five to nine times. It was homogeneous on prolonged 
electrophoresis (20 hours)! under the conditions described below. 

Trypsin, containing approximately 50 per cent MgSO,, and soy bean 
trypsin inhibitor (salt-free) were crystalline commercial samples obtained 
from the Worthington Biochemical Sales Company, Freehold, New Jersey. 

Carboxypeptidase recrystallized five times was a sample prepared by Dr. 


* Present address, Department of Biochemistry, University of Cambridge, Eng- 


land. 
' Private communication from Mr. W. J. Dreyer. 
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Y. P. Dowmont by the method of Neurath, Elkins, and Kaufman (10) as 
modified by Neurath and De Maria (see (11)). 

B-Phenylpropionic acid (reagent grade) was obtained from the Eastman 
Kodak Company, Rochester, New York. 

DNP-amino acids? were prepared by Mr. H. L. Pan according to pub- 
lished methods (12). 


Methods 


Electrophoresis was carried out in a Spinco model H apparatus equipped 
with refractive and interferometric optical systems. In all studies reported 
herein, sodium acetate buffer, ionic strength 0.1, pH 4.97, at 25°, was used; 
mobilities were calculated from the descending boundary patterns. Elec- 
trophoretic analysis of activation mixtures was carried out after stopping 
the reaction by lowering the pH to about 4 with HCl and dialyzing at 2° 
against the above buffer, in which no further activation took place. In 
some cases, the enzymes were first inactivated by conversion into their DIP 
derivatives; this treatment had no significant effect on the electrophoretic 
results (13). 

Preparation of DIP Derivatives—The enzyme solutions were treated with 
a 5- to 10-fold molar excess of DFP (14) and enough sodium phosphate buf- 
fer, pH 7.8, to maintain the pH. After stirring for at least 2 hours, the 
solution was thoroughly dialyzed against 0.001 Nn HCl, all operations being 
carried out at 2°. The residual activity was less than 0.05 per cent in all 
cases. 

Chymotryptic activity was determined under conditions similar to those 
described by Cunningham (15), with acetyl-L-tyrosine ethyl ester as sub- 
strate. $8-Phenyl propionate was not usually removed from activation 
mixtures containing it, since dilution for activity measurements was great 
enough to reduce its concentration to a level considerably below that 
causing measurable inhibition. Thorough removal of the inhibitor (see 
below) did not produce any increase in the measured activity. Protein 
concentrations were determined from the optical density at 280 my, with 
Es as 20.0 for chymotrypsinogen and 21.5 for a-chymotrypsin.? 

Removal of B-Phenyl Propionate—The amount of this inhibitor remaining 
in protein solutions was estimated by acidifying with HCl, extracting with 
ethyl acetate, and measuring the optical density of the extract at 280 mu. 
It was found that even thorough dialysis failed to effect complete removal. 
In order to achieve this, at a pH low enough for the enzymes to be inactive, 
the residual B-pheny] propionate was exchanged at pH 5, 2°, for chloride ion 


2 The following abbreviations are used: DNP, 2,4-dinitrophenyl; DIP, diisopro- 
pyl phosphate; DFP, diisopropyl phosphofluoridate. 
3 Private communication from Dr. P. Wilcox. 
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on a column of the anion exchange resin, Amberlite IRA-400 (20 to 50 
mesh) in the Cl- form; a layer of the cation exchange resin Dowex 50 in 
the H* form (20 to 32 mesh, X4) was placed at the bottom of the column 
to adsorb decomposition products of the Amberlite resin. Recoveries of 
protein were about 95 per cent. 

Degradation of Proteins by Carboxypeptidase—The experiments were 
carried out essentially as described by Gladner and Neurath (6), except 
that the carboxypeptidase was dissolved in mM NaCl, in which it is more 
stable than in LiCl.4. The amino acids liberated, after adsorption on Dowex 
50 and subsequent elution with concentrated ammonia solution, were identi- 
fied by paper chromatography and estimated roughly by the spot dilution 
technique. An accuracy greater than about 30 per cent is not claimed for 
the present estimations. In view of the strong inhibition of carboxypep- 
tidase by 8-phenyl propionate (11), care was taken to insure efficient re- 
moval of this compound from activation mixtures containing it. 

Analyses for N-Terminal Residues by DN P Technique—The proteins were 
converted into their DNP derivatives as described by Sanger (16). Hy- 
drolysis was carried out in sealed tubes at 105° with 5.7 nN HCl for 6 and 18 
hours and also with 12 Nn HCI for 6 hours to detect the possible presence of 
DNP-proline (12). The ether-extractable DNP-amino acids were sepa- 
rated by paper chromatography in the dark with fert-amy1 alcohol and paper 
buffered with phthalate (17). Before chromatography, the DNP-amino 
acids were further purified by extraction from ether into | per cent NaHCO; 
and reextraction into ether after acidification with HCl. The only colored 
spot then obtained which does not correspond to a DNP-amino acid is 
2,4-dinitrophenol, which is readily distinguished by being completely 
bleached by HCl vapor. Estimation was carried out spectrophotometri- 
cally at 350 my (18) after elution of the spots with 5 ml. of 1 per cent 
NaHCO, at 100° for 2 minutes. The recovery of DNP-amino acids from 
the chromatographic procedure was not less than 95 per cent. 

The chief source of uncertainty in the DNP technique is the factor used 
to correct for the destruction of DNP-amino acids during hydrolysis. In 
the present work this factor was estimated for DNP-isoleucine by subject- 
ing a known amount of this substance to hydrolysis in the presence of 
DNP-chymotrypsinogen, which itself gives rise to none; after hydrolysis 
for 18 hours in 5.7 n HCl, the recovery was 87 per cent. For DNP-threo- 
nine and DNP-alanine, the destruction was estimated from the data of 
Porter and Sanger (12), on which basis consistent results were obtained 
after different periods of hydrolysis. 3 

DNP-isoleucine was present in all the hydrolysates partly as DNP- 
isoleucylvaline (4), which is very resistant to hydrolysis. This DNP- 


4 Private communication from Mrs. G. S. Albrecht. 
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peptide, which ran slightly faster than DNP-isoleucine in the chromat- 
ographic system used, was estimated separately, and the figures obtained 
were added to those for free DNP-isoleucine. After hydrolysis for 18 hours 
in 5.7 N HCl, about one-third of the DNP-isoleucine remained in peptide 
combination. 

N-Terminal half cystine was estimated as DN P-cysteie acid as described 
for chymotrypsinogen (19), except that, to free the DNP proteins from 
peroxide after oxidation, they were taken to dryness twice in a vacuum 
desiccator instead of being precipitated with ether. This may account for 
the slightly lower values obtained (20). 

It was assumed that the air-dried DNP proteins correspond to 0.75 times 
their weight of dry protein. The results were referred to a molecular weight 
of 23,000, the value for chymotrypsinogen (21). 


Results 
Electrophoretic Analyses 


Activation without Inhibitor—All the activations reported in this paper 
were performed at 2° and pH 7.8 (adjusted with NaOH), at an initial 
chymotrypsinogen concentration of 2 per cent and a trypsin concentration 
of 0.07 per cent. In this system, without further additions, the maximal 
esterase activity attained was 1.4 times as great, on a dry weight basis, as 
that of crystalline a-chymotrypsin prepared by the usual method (2). This 
is in good agreement with the results obtained by Jacobsen (1) with the 
milk-clotting assay. Electrophoretic analysis showed that, as activation 
proceeded, the chymotrypsinogen peak, with a mobility of 3.4 to 3.5 & 10-° 
em.” volt~! sec.—', was replaced by a slower component of mobility 2.9 to 
3.0 X 10°° cm. volt“ sec. The rate at which the slow component 
appeared, however, was significantly less than that at which the activity 
approached its maximum and showed indications of a lag period (Table I, 
first five rows; Fig. 1, Patterns 1 to 3). The discrepancy can be explained 
by assuming that an active chymotrypsin was first formed with a mobility 
close to that of the original chymotrypsinogen and was subsequently trans- 
formed into an enzyme having a lower mobility. In what follows, these 
two proteins will be referred to as fast and slow chymotrypsins, respectively. 

After the conversion of the fast into the slow peak was complete, little 
further change occurred in the electrophoretic pattern over a long period. 
Substantial heterogeneity could be demonstrated only by prolonged elec- 
trophoresis (20 hours). In a mixture activated for 90 minutes, 5 per cent 
of a component moving slightly slower than the main peak was then seen, 
and a mixture activated for 1200 minutes contained 7 and 5 per cent of 
components moving slightly slower and faster, respectively, than the main 
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TABLE I 
Correlation between Degree of Activation and Change in Electrophoretic Pattern 
See the text for conditions of activation and of electrophoresis. 


Period of activation Esterase activity Conversion of fast to slow peak 

min. per cent of maximum attained per cent 
5 55 
15 76 24 
30 93 64 
90 100 100 
1200 93 100 
30* $l 3 
70* 99 12 
340* 100 21 
1620* 99 48 


* Activation in the presence of 0.1 m sodium §-phenyl propionate and 0.05 m 
sodium phosphate buffer, pH 7.8. 


1. 2. 


5 5 


<4 

Fic. 1. Kleetrophoretie patterns of activation mixtures. Ascending boundary 
patterns only are shown. See the text for conditions of activation and of electro- 
phoresis. Patterns | to 3, activation without inhibitor for 15, 90, and 1200 minutes, 
respectively; Pattern 4, activation for 340 minutes in the presence of 0.1 mM sodium 
8-phenyl propionate and 0.05 m sodium phosphate buffer, pH 7.8. These activation 
mixtures were the same as those described in the second, fourth, fifth, and eighth 
rows of Table I. The photographs from which the diagrams were prepared were 
taken after electrophoresis for 467, 446, 480, and 400 minutes, respectively, at po- 
tential gradients of 5.8 volt em.~!. 
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Effect of B-Phenyl Propionate—In order to eliminate, as far as possible, 
the chymotryptic hydrolysis effects from the activation system, advantage 
was taken of the competitive inhibition of chymotrypsin by 8-pheny] pro- 
pionate. This material was used in conjunction with phosphate buffer, 
in which it is apparently more effective than in tris(hydroxymethyl)amino- 
methane-HCl buffer (22, 23). The addition of sodium 8-phenyl] propionate 
(0.1 m) and sodium phosphate buffer (0.05 Mm), pH 7.8, to the activation sys- 
tem produced no change in the maximal esterase activity attained within 
the experimental error of 3 to 4 per cent. The rate of activation was de- 
creased slightly, probably owing to a relatively unspecific salt effect (2). 
The conversion of the fast into the slow electrophoretic peak, however, was 
very markedly inhibited, being less than half complete even after 1620 
minutes (Table I, last four rows; Fig. 1, Pattern 4). This is even clearer 
evidence than that given above for the existence of an active chymotrypsin 
with a mobility practically identical with that of chymotrypsinogen. 

Effect of Soy Bean Trypsin Inhibitor—The effect of this protein, which 
inhibits trypsin strongly, but chymotrypsin only very weakly (2), on the 
conversion of the fast into the slow peak was investigated as follows: The 
fast chymotrypsin was prepared by activation for 60 minutes in the pres- 
ence of 8-pheny! propionate and phosphate buffer, which were then removed 
by dialysis and ion exchange, the pH being kept below 5 (see ‘‘Methods’’). 
The resulting preparation, containing 70 per cent of the fast protein, was 
completely converted into the slow protein when allowed to stand, at a 
protein concentration of 1 per cent, for 4 hours at pH 7.8, 2°, whether or not 
soy bean inhibitor (a calculated 50 per cent excess over the amount of 
trypsin present, assuming a 1:1 combining weight ratio) was added. The 
two proteins formed in the presence and absence of the soy bean inhibitor, 
respectively, had the same electrophoretic mobility, and a mixture of the 
two could not be resolved, even by prolonging electrophoresis to 20 hours. 

Crystallization—Crystals were obtained from an activation mixture (ac- 
tivation for 70 minutes with no inhibitor), after inactivation with DFP, 
by keeping the mixture for 3 days at 25° in 50 per cent saturated ammonium 
sulfate at pH 5.0; the product was recrystallized under the same conditions, 
with seeding to accelerate the process, which gave an over-all 30 per cent 
yield of bipyramidal crystals. Electrophoretic analysis, however, showed 
that no purification was achieved by crystallization. On the contrary, a 
contaminant of lower mobility than the main component, which accounted 
for only 10 per cent of the starting material, represented 31 per cent of the 
final crystals. The pretreatment with DFP and the low pH of the crystal- 
lization make it unlikely that this increase in heterogeneity was due to 
autolysis. It seems more probable that, in this instance, crystallization 
itself resulted in enrichment with respect to a minor component. In view 
of this finding, crystallization was not attempted in subsequent work. 
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Lnd-Group Analyses 


For all the end-group analyses, the chymotrypsin preparations were used 
in the form of thoroughly dialyzed DIP derivatives (4, 6). The three rep- 
resentative preparations, for which end-group data are given below, were 
made as follows. 

Preparation A was activated for 30 minutes in the presence of 6-phenyl 
propionate and phosphate and activation terminated by addition of DFP; 
the activity was 81 per cent of the maximum attained. Electrophoresis 
showed the solution to contain fast protein, contaminated by only 3 per 
cent of the slow component. 

Preparation B was activated for 2 hours with no added inhibitor; the 
activity was the maximum attained. This was a preparation of the slow 
chymotrypsin, 86 per cent homogeneous after prolonged electrophoresis. 

Preparation C, a rapid activation system with no inhibitor, was left to 
stand at 2° for 56 hours before the addition of DFP; the activity had 
dropped to 78 per cent of the nfiximum attained. The electrophoretic 
pattern was very similar to that of Preparation B (83 per cent homoge- 
neous). This preparation was studied in order to obtain information about 
proteolytic changes occurring over a longer time interval, in the hope of re- 
lating them to those accompanying the slow activation of chymotrypsinogen. 

Since the activation mixtures were used without any fractionation other 
than dialysis, the results refer to the protein products as they appear in the 
activation system. It should be emphasized that these products were ob- 
tained in very high yields, since the proportion of molecules undergoing ex- 
tensive degradation to low molecular weight material was small. Thus, 
the percentage of material soluble in 5 per cent trichloroacetic acid, esti- 
mated spectrophotometrically at 280 my, was only 2.1 after activation for 
2 hours and 3.0 after 56 hours. 

Degradation by Carboxypeplidase—The fast chymotrypsin (Preparation 
A), like chymotrypsinogen itself (6), contains no significant amount of a 
C-terminal residue susceptible to attack by carboxypeptidase (Table IT). 
However, from the slow chymotrypsin (Preparation B), carboxypeptidase 
liberated at least 1 equivalent of leucine and a smaller quantity of tyrosine; 
with Preparation C, at least 1 equivalent of each, leucine and tyrosine, was 
obtained. Thus, the conversion of the fast to the slow peak is apparently 
associated with the appearance of C-terminal leucine, while an additional 
C-terminal group, tyrosine, is formed by some slower change which is not 
reflected in the electrophoretic pattern. In further support of this inter- 
pretation are the results obtained with a preparation activated for 340 
minutes in the presence of 8-phenyl propionate and phosphate, in which 
the conversion of the fast to the slow peak was 21 per cent complete; this 
gave rise, during incubation for 60 minutes with carboxypeptidase, to 0.3 
equivalent of leucine and only about 0.1 equivalent of tyrosine. 
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Prolonged incubation of Preparations B and C with carboxypeptidase 
produced also fractional equivalents of glycine, serine, and aspartic acid, 
in a Way similar to the results reported for crystalline chymotrypsins (6, 7). 

Analyses for N-Terminal Residues—The results are summarized in Table 


TABLE II 


Equivalents of Amino Acids per Mole of Substrate Liberated by Carboxypeptidase from 
DIP-chymotrypsin Preparations 

Substrate concentrations, about 1 per cent; carboxypeptidase concentration, 0.09 
per cent; NaCl concentration, 0.15 mM; pH adjusted to 8.0 with NaOH; incubation 
carried out in the presence of 0.001 mM DFP at 25° for the periods stated. The molar 
concentrations of the substrate were estimated on the assumption that the molar 
extinction coefficient at 280 my is the same as that for chymotrypsinogen, the mo- 
lecular weight of which was taken to be 23,000 (21). 


| Preparation A | Preparation B | Preparation C 
Amino acid | 

15 min. | 240 min. | 15 min. | 240 min. | 15 min. | 240 min 


+ denotes an amount of the order of 0.1 equivalent. 


TaBLe III 
N-Terminal Residues of Chymotrypsin Preparations 


For details of the technique used, see ‘““Methods.’’ The results have been re- 
ferred to a molecular weight of 23,000, the value for chymotrypsinogen (21). 


Residue Preparation A Preparation B | Preparation C 
Half cystine*............ 0.73 0.70 | 0.70 
0.75 0.97 0.98 
0.13 0.25 0.43 
<0.05 <0.05 0.21 


* Estimated as DNP-cysteie acid (19). 

+ Estimated partly as DNP-isoleucylvaline. 
III. All the preparations were found to contain the V-terminal half 
cystine also present in chymotrypsinogen (19) and, in addition, | equiva- 
lent of .V-terminal isoleucine; the low value actually obtained for Prepara- 
tion A correlates well with the degree of activation attained (81 per cent). 
DNP-threonine and, in the case of Preparation C, DNP-alanine were ob- 
tained in amounts corresponding to fractional equivalents of end-groups; 
no other DNP-amino acid could be detected in amounts corresponding to 
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more than about 0.05 residue per mole. The appearance of N-terminal 
isoleucine is clearly associated with the initial activation step to give the 
fast chymotrypsin, while the conversion of the fast into the slow protein 
is apparently not accompanied by a change in .V-terminal residues. 


DISCUSSION 


mr- and 6-Chymotrypsins—In so far as the electrophoretically fast and 
slow components are the first and second enzymes known to arise during 
the rapid activation of chymotrypsinogen, they can be identified with 
r- and 6-chymotrypsin (1), respectively. The following conclusions can 
then be drawn about these enzymes. z-Chymotrypsin has an electro- 
phoretic mobility at pH 4.97, practically identical with that of chymotryp- 
sinogen; it contains 1 residue each of N-terminal half cystine and isoleucine, 
but no (C-terminal residue susceptible to attack by carboxypeptidase. 
6-Chymotrypsin has a lower electrophoretic mobility at pH 4.97; it also 
contains V-terminal half cystine and isoleucine, and, in addition, a C-ter- 
minal leucine residue. It can undergo further degradation to yield other 
end-groups, notably C-terminal tyrosine, without any detectable accom- 
panying change in the electrophoretic pattern. 

In using these data to elucidate the nature of the changes occurring during 
activation, the limitations of the methods for end-group assay must be 
borne in mind. The failure of carboxypeptidase to liberate amino acids 
from a protein cannot be considered to establish the absence of C-terminal 
groups (24). In particular, C-terminal residues of lysine or arginine, ex- 
pected to arise by the action of trypsin on the basis of its known specificity 
requirements (11), might fail to be readily attacked by carboxypeptidase, 
and steric factors might easily operate to render any C-terminal residue 
inaccessible to so large a molecule. Relatively more confidence can be felt 
in assuming that no N-terminal residues escaped detection by the DNP 
technique. 

The known specificity requirements of trypsin (11) and the appearance 
of .V-terminal isoleucine require that the initial tryptic hydrolysis of chymo- 
trypsinogen occurs at a lysyl-isoleucyl or arginyl-isoleucyl bond. The 
absence of any detectable change in electrophoretic mobility at pH 4.97 
would be consistent with the splitting of a bond either with or without the 
liberation of a neutral peptide. The conversion of z- to 6-chymotrypsin 
involves a decrease in electrophoretic mobility which suggests the formation 
of a basic peptide.* Since no N-terminal residue is known to be lost from 
the protein, this peptide is not likely to have originated from that portion 
of a peptide chain bearing a free a-amino group. It might derive from a 


* Preliminary experiments by Mr. W. J. Dreyer indicate that a peptide is liberated 
during the conversion of z- to 6-chymotrypsin. 
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C-terminal end produced in the initial tryptic attack or from one pre- 
existent in the chymotrypsinogen molecule. 

Jacobsen (1) believed the activity of a-chymotrypsin to be about 1.5 
times as great as that of 6-chymotrypsin. The indications from the pres- 
ent work are that these two enzymes do not differ significantly in activity. 
Thus, the maximal activity attained on rapid activation was not greater 
when the z — 6 conversion was inhibited by 6-phenyl propionate, nor was 
there more than a barely detectable decrease in activity as the conversion 
took place slowly in the presence of this inhibitor (Table 1). The dis- 
crepancy may be due to the fact that different substrates were used for 
measuring the enzymatic activity; Jacobsen used the milk-clotting assay, 
while esterase activity has been measured in the present work. However, 
it should also be remembered that Jacobsen’s estimate of the activity of 
m-chymotrypsin was an indirect one, based on measurements of the num- 
ber of peptide bonds split, which cannot now be considered very accurate. 

Relationship of Rapid to Slow Activation—The conclusions to be drawn 
from the present work are at variance with those of Jacobsen on one other 
point, the nature of the enzyme responsible for catalyzing the « — 6 con- 
version. Jacobsen believed this step to be trypsin-catalyzed, competition 
between tryptic and chymotryptic hydrolysis of a-chymotrypsin account- 
ing for the dependence of the maximal activity attained on the rate of 
activation. However, three facts now available suggest that the x — 6 
conversion is chymotrypsin-catalyzed: (1) The conversion is associated with 
the appearance of C-terminal leucine susceptible to carboxypeptidase; such 
an end-group could not arise by hydrolysis of a bond conforming to the 
known specificity requirements of trypsin, whereas it might arise by chymo- 
tryptic hydrolysis (11, 25). This fact cannot be taken as conclusive proof, 
however, since the action of trypsin might result in a configurational 
change which renders available to attack by carboxypeptidase a_pre- 
existent C-terminal leucine residue. (2) The conversion is much retarded 
by the presence of 6-phenyl propionate, an inhibitor of chymotrypsin but 
not of trypsin. This fact cannot be taken as conclusive proof either, since 
the 6-pheny] propionate might combine with z-chymotrypsin in such a way 
as to make it resistant to trypsin. (3) The conversion takes place in the 
presence of an amount of soy bean trypsin inhibitor in excess over the 
trypsin in the mixture. 

If it is assumed that the  — 6 conversion is chymotrypsin-catalyzed, 
some new explanation must be found for the higher activity attained on 
rapid as compared to slow activation. Crystalline a-chymotrypsin, which 
can be isolated after slow activation for 48 hours in approximately 50. per 
cent vield, contains, among other end-groups, 1 residue per mole of .V-ter- 
minal alanine (4); the low value for this end-group obtained after allowing 
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a rapid activation mixture to stand for 56 hours (Table III, Preparation C), 
therefore, indicates that increasing the rate of activation does indeed de- 
press the rate of the (presumably chymotryptic) splitting of a bond involv- 
ing the amino group of alanine.® As a possible explanation, it may be 
postulated that the splitting of this bond takes place more rapidly in chymo- 
trypsinogen than in the chymotrypsins. Since the slower the activation, 
the more opportunity there is for chymotryptic attack on chymotrypsino- 
gen, the amount of .V-terminal alanine would then be greater after slow 
activation than after the same length of time following rapid activation. 
There is no reason to suppose that the splitting of various bonds in the 
chymotrypsinogen molecule must always take place in a unique and in- 
variable sequence. 

Possible Existence of Hitherto Undescribed Chymotrypsin—The results of 
Jansen et al. (13) with a-chymotrypsin suggest that the N-terminal threo- 
nine found in the preparations described herein is associated with a small 
amount of impurity with a high content of this end-group. The appear- 
ance of C-terminal tyrosine, in a stoichiometrically equivalent amount, on 
prolonged incubation of a rapid activation mixture (Preparation C) may be 
more significant. Sinee it is accompanied by only a small decrease in ac- 
tivity, it raises the possibility that a new chymotrypsin is formed. Prep- 
aration C behaves towards carboxypeptidase like crystalline a-chymo- 
trypsin (Table II) (6, 7), but is distinguished from it by the low content of 
N-terminal alanine (Table III) (4). The postulated new enzyme, which 
does not correspond to any chymotrypsin previously described, would 
contain half cystine and isoleucine, but not alanine, as N-terminal residues 
and leucine and tyrosine as C-terminal groups. It would arise by further 
degradation of 6-chymotrypsin, presumably by chymotryptic rather than 
tryptic action, if one argues from the nature of the end-group appearing. 
The possibility exists that, by the splitting of a bond involving the amino 
group of alanine, the new intermediate could give rise to a-chymotrypsin. 

The only known feature common to all the chymotrypsins described 
herein, but not present in chymotrypsinogen, is the N-terminal sequence 
isoleucylvaline, a fact which invites speculation that this grouping forms 
part of the active center of the enzyme. 

Allocation of C-Terminal Residues—The differences in the action of car- 
boxypeptidase on the various preparations here described (Table II) make 
it possible to extend by inference the interpretation of the results of Gladner 
and Neurath (6) on a-chymotrypsin. They suggest strongly that the tyro- 
sine and leucine liberated from this protein arise from separate C-terminal 

6 Unpublished experiments by Mr. W. J. Dreyer show that the main component 


of crystalline a-chymotrypsin has an electrophoretic mobility at pH 4.97 which is 
the same, within the experimental error, as that of 6-chymotrypsin. 
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positions, rather than from a tyrosylleucine or leucyltyrosine sequence, 
and also that glycine occupies a position adjacent to the C-terminal leucine 
residue. 


The authors are indebted to Mr. Roger D. Wade for performing the elec- 
trophoretic analyses. This work was performed partly under contract No. 
Nonr-477-04 between the University of Washington and the Office of Naval 
Research, Department of the Navy, and was also supported by the National 
Institutes of Health, United States Public Health Service. 


SUMMARY 


Two chymotrypsins arising during the rapid activation of chymotryp- 
sinogen a, and identified with 7- and 6-chymotrypsin, respectively, are de- 
scribed. The first has an electrophoretic mobility at pH 4.97 close to that 
of chymotrypsinogen and contains | residue each of N-terminal half cystine 
and isoleucine, but no C-terminal residue susceptible to attack by carboxy- 
peptidase. The second has a lower mobility at pH 4.97 and contains the 
same .V-terminal groups as well as a (C-terminal leucine residue. The 
a — 6 conversion is Inhibited by 8-phenyl propionate, but not by soy bean 
trypsin inhibitor. 

The data suggest the possible existence of another chymotrypsin con- 
taining, in addition to the terminal groups of 6-chymotrypsin, a C-terminal 
tyrosine residue. 
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LEUCINE AMINOPEPTIDASE 


IV. ISOLATION AND PROPERTIES OF THE ENZYME FROM 
SWINE KIDNEY* 
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In the earlier studies (1-6) of leucine aminopeptidase, obtained from 
swine intestinal mucosa, a purification of 30- to 90-fold based on the activ- 
ity of the crude aqueous extract was achieved. Attempts to obtain a 
greater purification were unsuccessful largely because of the instability of 
the enzyme. Studies of other tissues have shown that swine kidney is a 
more convenient and richer source of the enzyme. ‘The finding that the 
stability is greatly increased in the presence of Mg++ has permitted an 
extensive purification by fractionation with acetone and ammonium 
sulfate and finally by electrophoresis on filter paper. 

The most active preparations appear to be nearly homogeneous when 
studied by electrophoresis on paper and in the Tiselius cell and by sedi- 
mentation in the ultracentrifuge. A preliminary study of the amino acid 
composition shows that only the usual amino acids are present in this 
enzyme. The activation by Mn** and Mgt and the specificity of the 
aminopeptidase are presented elsewhere (7). 


EXPERIMENTAL 


Methods—<Assays of enzyme activity were performed by the following 
procedure. Enzyme preparations were activated at 40° by incubation at 
pH 8.0 with 0.001 to 0.002 m MnCle. The mixtures were buffered with 
0.04 m tris(hydroxymethyl)aminomethane (Tris). An aliquot of the ac- 
tivated enzyme was added to a 2.5 ml. assay flask containing L-leucin- 
amide hydrochloride buffered with Tris at pH 8.6. The final concentra- 
tion of substrate was 0.05 m. The assay flask also contained sufficient 
MnCl. to give the same concentration as in the activation mixture. 


* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. For the previous paper in this 
series, see Smith, Spackman, and Polglase (1). 

+ Predoctoral Fellow (1952-54) of the National Cancer Institute, United States 
Publie Health Service. 


255 


256 LEUCINE AMINOPEPTIDASE. IV 


Hydrolysis rates were measured at 40° by titration of 0.2 ml. samples 
with alcoholic KOH (8). The complete hydrolysis of 1 amide bond is 
given as 100 per cent. Proteolytic coefficients (C1) were estimated in 
the usual manner from C; = K,/E, where K;, is the first order velocity 
constant calculated in decimal logarithms and FE is the protein concentra- 
tion in mg. of protein N per ml. of assay solution. Assays were terminated 
after 60 to 90 minutes to avoid correction factors due to the slow oxidation 
of Mn**. Under these conditions, autolysis of enzyme and non-enzymatic 
hydrolysis of substrate were negligible. It has been reported (2, 3) that 
the aminopeptidase of intestinal mucosa requires incubation with the 
metal ion for maximal activation. This has also been observed with the 
enzyme from swine kidney, but it was found that shorter times were re- 
quired as greater purification was achieved. This activation time with 
Mnt* decreased from 2 to 3 hours for preparations with a C; of 4 or less to 
30 minutes for preparations with a Ci of approximately 10. With purer 
preparations, there was little further change, and these required 15 to 20 
minutes for optimal activation. Studies of the time-course of activation 
of the purified enzyme are presented elsewhere (7). 

The number of units of enzyme activity was calculated from the C; 
value for L-leucinamide multiplied by the mg. of protein N in the prepara- 
tion. Protein N was determined by a modification of the turbidimetric 
procedure of Biicher (9). The method was calibrated with human serum 
albumin of known nitrogen content. It is assumed that the kidney pro- 
teins have an average N content of 16 per cent. Protein N estimated by 
this method was in good agreement with values determined by a micro- 
Kjeldahl method. 


Purification 


Swine kidney is a richer source of leucine aminopeptidase than is the 
mucosa from swine intestine, the tissue used previously for several studies. 
An average C, of 0.055 has been found for an aqueous extract of fresh, 
ground kidney; this is nearly 3 times as high as that found for intestinal 
mucosa (C; = 0.02) (3). 

In order to devise a satisfactory method of isolation, a large number of 
studies were made of the stability and other properties of the enzyme. A 
few of these are described, since these properties reflect important charac- 
teristics of the enzyme. Most of these studies were made with aqueous 
extracts of the acetone-dried powder obtained as Step 1 of the purification 
procedure given below. | 

Table I shows the effect of heating aliquots of the enzyme for 10 minutes 
at pH 8.0 (Tris buffer) in the presence of 0.01 m MgCle. The C; and yield 
were determined after removal of any formed precipitate. It is evident 
that little inactivation occurs after heating as high as 70° and that some 
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purification is obtained. This finding should be contrasted with earlier 
studies (3) on the leucine aminopeptidase of intestinal mucosa which is 
unstable even in the cold in the presence of Mn* or in the absence of added 
metal ion. It should be noted that preparations of the kidney enzyme at 
various levels of purity (C,; = 1.3 to 52) have been kept under toluene in 


TABLE I 
Effect of Temperature on Stability of Leucine Aminopeptidase 
Aliquots of the enzyme containing 0.01 m MgCl. at pH 8.0 (Tris buffer) were 


heated for 10 minutes. C,; and the yield were estimated after clarification of the 
solutions. 


Temperature | Ci | Yield 

Original solution | Ge 100 

40 | 1.7 96 

50 | ae 104 

60 | 1.9 96 

70 | 2.5 | 88 

SO | 1.3 34 

TABLE II 


Precipitation of Leucine Aminopeptidase with Ammonium Sulfate 
An acetone-dried powder (20 gm.) was extracted with 200 ml. of water and ad- 
justed to pH. 8.0 with 1 Mm NaOH. Successive fractions were collected by addition of 
solid (NH4)2SO,4. The precipitates were collected in a refrigerated centrifuge and 
dialyzed against Tris buffer at pH 8.0 in the cold. 


Preparation | Ci Yield 

| unils 
Extract of acetone-dried powder............ | 0.28 53 
0-0.3 saturated (NH,4)2SQO,4.................. ! Negligible | Negligible 
0.3-0.4 saturated ! 0.21 1.3 


| | 


the refrigerator for as long as 15 months with little or no detectable loss 
of activity; this is also in striking contrast to the behavior of the intestinal 


enzyme. 


Several studies at various pH values indicated that the stability of the 


elzyme is optimal near pH 8.0 and that heating at 70° causes progressively 
greater losses at lower pH values. At pH 5.5, 65 per cent of the enzyme 
is inactivated in 10 minutes, with no gain in purity. 
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Results of a study of the precipitation of the enzyme with ammonium 
sulfate appear in Table II. It is evident that most of the enzyme precipi- 
tates in the range from 50 to 70 per cent saturation and that more activity 
is recovered than was present in the initial extract. This was repeatedly 
observed and is probably due to the removal of inhibitors present in the 
acetone-dried powder. It should be noted that dialysis was always per- 
formed against Tris buffer at pH 8.0, since it was observed that dialysis 
at lower pH values caused appreciable losses of activity. 

Fractionation with acetone or ethanol gave essentially similar results. 
Table III shows the results of a study of acetone fractionation at three pH 


TaBLeE III 
Acetone Fractionation of Leucine Aminopeptidase 
The experiments were performed near 0°, and the precipitates were collected in 
a refrigerated centrifuge at 0° to —5°. The solutions contained 0.01 m MgCl», and 
the pH was adjusted with 1 Mm NaOH. Acetone was removed by dialysis against 
0.005 m Tris buffer at pH 8.0 containing 0.005 m MgCl... The initial solution had a 
C; of 2.4. 


pH 8.0 | pH 7.1 | pH 6.5 
per cent per cent | per cent | per cent 
0-20 | 2 5 
0-25 4.2 —— | | | 
25-40 45 | | 


values. It is evident that the bulk of the activity is precipitated in a 
narrow range of acetone concentrations. 

A representative fractionation is given below. This procedure has been 
repeated many times with very consistent results. The range of C, values 
for each step indicates assays in different runs. It was convenient to 
prepare the acetone-dried powder (Step 1) in lots of 2400 gm. of kidney 
and to perform the subsequent steps with powders obtained from two or 
three batches. 

Step 1. Preparation of Acetone-Dried Powder—An acetone-dried powder 
of fresh, frozen swine kidneys was prepared essentially in the manner 
described earlier (9). After thawing to a semifrozen state, 2400 gm. of 
whole kidneys (freed of excess fat) containing 2450 units of enzyme were 
coarsely ground in a meat grinder and then treated in portions in a Waring 
blendor for 1 minute with an equal volume (2400 ml.) of 53.3 per cent 
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ethanol at —5°. One-fifth of the volume of the mixture or 960 ml. of 
95 per cent ethanol at —20° were then added. After 30 minutes, the 
precipitate was collected by centrifugation for 1 hour at 1200 X g.! The 
precipitate was then extracted with an equal volume of cold absolute 
ethanol (—20°) for 30 minutes, and, after centrifuging as before, the 
precipitate was mixed with 2 volumes of cold acetone. After 2 hours, the 
material was collected on a Biichner funnel, and the acetone extraction 
was repeated. The solid material was again collected on a Biichner funnel 
and washed successively with acetone (0.5 volume), 50 per cent acetone- 
ether (0.25 volume), and finally with ether (0.25 volume). The fibrous 
material was first air-dried rapidly at room temperature and then in vacuo 
over sulfuric acid. The yield was 360 gm. of powder. A clarified aqueous 
extract of this powder had a C, of 0.2 to 0.3. 

Step 2. First Ammonium Sulfate Fractionation—The acetone-dried pow- 
der, in lots of 600 to 800 gm., was extracted in convenient portions by 
treatment in a Waring blendor for 1 minute with 7 volumes of water at 
room temperature. (All subsequent operations, except the heat treat- 
ment step were performed in the cold.) After 30 minutes, the mixture 
was centrifuged for 1 hour at 1200 X g and the supernatant fluid saved. 
The precipitate was reextracted with 1 volume of water; the insoluble 
residue was removed by centrifugation and discarded. The two extracts 
were combined and the turbid solution was adjusted to pH 8.0 to 8.1 with 
N NaOH (approximately 12 ml. per liter). 

This solution was brought to 40 per cent saturation by addition of solid 
ammonium sulfate (242 gm. per liter), and after 30 minutes the precipitate 
(which was discarded) was removed either by filtration on fluted paper or 
under weak vacuum on a Biichner funnel (a filter aid such as Hyflo Super- 
Cel is recommended). The supernatant solution was brought to 80 per 
cent saturation by addition of more ammonium sulfate (280 gm. per liter), 
and after 30 minutes the precipitate was collected in a small refrigerated 
Sharples centrifuge at 40,000 to 50,000 r.p.m. or in a refrigerated bucket 
centrifuge at 1200 X g. The supernatant fluid was discarded, and the 
precipitate was dialyzed against 0.005 m Tris buffer at pH 8.0. The solu- 
tion had a Ci = 0.9 to 1.2 and contained 25 to 30 mg. of protein per ml. 

Step 8. Second Ammonium Sulfate Fractionation—The solution from 
Step 2 (at pH 8.0 to 8.1) was brought to 50 per cent saturation with solid 
ammonium sulfate (312 gm. per liter). After 30 minutes the precipitate 
was removed by centrifugation and discarded. The supernatant solution 
was brought to 70 per cent saturation with solid ammonium sulfate (135 
gm. per liter), and the precipitate was collected and dialyzed in the manner 
described in Step 2. The C; was 1.5 to 2.4. 


1 The supernatant fluid is a rich source of prolidase (10) and is routinely saved 
for the isolation of this enzyme. 
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Step 4. Precipitation with MgCl.—The solution from Step 3 was brought 
to pH 7.0 by addition of Nn HCI and to 0.01 m MgCl. by addition of the 
solid salt. After 2 hours the inactive precipitate was removed by cen- 
trifugation and the supernatant fluid brought to pH 8.0 with n NaOH. 
The Cy was 2.5 to 3.5. 

Step 5. Heating—The solution was transferred to a stainless steel beaker 
and, with mechanical stirring, was heated in an 80° water bath until the 
temperature of the solution reached 70°. It was kept at 70° for at least 
4 minutes or until a total of 10 minutes had elapsed from the start of the 
heating operation, whichever was longer. The preparation was then 
quickly cooled in an ice-water bath at 0°. The inactive precipitate was 
removed either by filtration or centrifugation. C, = 3.8 to 5.8. 

Step 6. Acetone Fractionation—The solution from Step 5 containing 
about 2 per cent protein at 0-5° was brought to pH 7.0 with n HCl. <Ace- 
tone which had been cooled to —60° in a dry ice storage box was slowly 
added through a pipette to make the concentration 20 per cent. The 
inactive precipitate was removed by centrifugation for 10 minutes at 1200 
xX g. The supernatant solution was brought to 30 per cent acetone in the 
same manner and the precipitate collected by centrifugation. The precip- 
itate was dissolved in a solution containing 0.005 m MgCl. and 0.005 m 
Tris at pH 8.0 and was dialyzed at 5° for 16 to 18 hours against three more 
changes of the same solution. C; = 16 to 43. 

In most cases, preparations were obtained with a C; of 30 to 43. In 
the few instances in which the purity was lower (Ci = 16 to 18), the frac- 
tionation was repeated between 18 and 25 per cent acetone to bring the 
C; into the higher range (30 to 43). With preparations of C; = 35 to 43, 
repetition of the acetone fractionation was ineffective. 

Step 7. Aging—Preparations from Step 6 were diluted to a concentra- 
tion of 2 mg. of protein per ml. with a solution containing 0.005 m MgCl: 
and 0.005 m Tris at pH 8.0. These solutions were kept under toluene in 
the refrigerator for 6 to 10 weeks; a gradual precipitation occurred, with 
a small decrease in pH. The pH of the solution was checked at weekly 
intervals and brought to 8.0 as needed with N NaOH. The concentration 
of aminopeptidase remained constant, and, after about a 2-fold increase 
in purity, further storage had no effect. The C; = 55 to 83. 


Paper Electrophoresis 


For the experiments with paper electrophoresis, an assembly was used 
which was designed in this laboratory and was similar in construction to 
the equipment described by Flynn and de Mayo (11). A framework of 
glass rod was constructed to fit into an aquarium type tank, which was 
fitted with a tight glass cover. The protein solution was put on the center 
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of a section of Whatman No. 3 MM paper in a thin line so that, when the 
paper was placed on the support framework, the thin band of protein 
solution was at the apex directly over the uppermost glass supporting rod. 
The buffer was 0.08 Mm Veronal at pH 8.5 and contained 0.001 m MgClo. 
This was applied evenly to the paper on both sides of the protein band so 
that the buffer ascending to the apex would narrow further the band of 
protein solution. After allowing 15 minutes for the contents of the tank 
to come to equilibrium, current from a full wave rectifying power pack 
was switched on. The current density was adjusted to 0.2 to 0.6 ma. per 
em. width and the resulting potential varied from 150 to 250 volts. For 
preparative runs the experiment was terminated after 16 hours. All 
operations were conducted in a cold room at 3-5°. 

Protein was located on the paper by cutting test strips 1 em. wide from 
the edges and the center of the sheet of paper and staining these with the 
bromophenol blue preparation described by Durrum (12). Horizontal 
strips containing the protein bands were then cut from the unstained 
portions of the paper and, after cutting to 10 ¢m. lengths, the protein was 
eluted by gravity flow at 5° with a buffer solution at pH 8.0 containing 
0.005 Mm MgClo and 0.005 m Tris. 

With a preparation of leucine aminopeptidase which had a (, of 25, 
three distinct bands were always visible. A heavy band was the fastest 
component, with a lighter band slightly more than midway between the 
origin and the fastest moving band; a third, very light band remained at 
the origin. A general background of color was present on the stained 
strips throughout the distance moved. Fig. 1, -1 presents the results of 
such an experiment. Table IV gives the enzymatic activity of the eluates 
from the sections shown in Fig. 1, .1. 

With a more active preparation of leucine aminopeptidase (Cy = 52), 
somewhat different results were obtained. The enzyme moved along the 
paper as one dense, homogeneous band; the only other visible band was a 
very light one close to the origin. The (, of the eluates from several 
experiments with this preparation were 85 to 88; others ranged down to 
70. Figs. 1, B and 1, C show the results obtained in two electrophoretic 
experiments with this more active enzyme preparation. Table IV gives 
the enzymatic activity of the eluates from the sections shown in Figs. 
1, B and 1, C and for several additional experiments including some larger 
scale preparative runs (Step 8). 

Step 8. Electrophoretic Separation the preparative electrophoresis 
on filter paper, the following procedure was adopted. Preparations from 
Step 7 were concentrated in a cellophane bag by blowing a stream of air 
against the bag. These solutions were then dialyzed against water con- 
taining 0.005 m MegCle and 0.005 mM Tris at pH 8.0. Aliquots of 0.5 ml. 
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containing 7.5 to 10 mg. of protein were placed on 45 X 57 em. sheets of 
Whatman No. 3 MAI filter paper, and purification was accomplished by 
electrophoresis with 0.08 Mm Veronal buffer at pH 8.5 and 0.001 m MgCl. 
A current density of 0.23 ma. per cm. at a potential of 150 volts was applied 
for 16 hours, after which test strips from the sides and center of the sheet 


hic. 1. Representative electrophoretic runs on paper of preparations of the 
aminopeptidase. 4, initial (; = 25 in 0.1 Mm Veronal buffer at pH 8.5 containing 
0.005 Mm MgCl... The strip was stained after 15 hours (current density, 0.42 ma. 
perem. at 190 to 220 volts). Band C were run for 16 hours with an enzyme prepa- 
ration (C,; = 52) under slightly different conditions and, as shown, were sectioned and 
eluted differently. B contained 0.002 m MgCl. in 0.08 M Veronal at pH 8.5, whereas 
( contained 0.001 Mm MgCl. in 0.1 M Veronal at pHT 8.5. The current density in both 
runs Was 0.66 ma. per em. at 260 volts. Eluates were obtained from the unstained 
portions of the paper. 


were stained as described above. Eluates of the strips containing the 
most rapidly migrating protein band were obtained by the method de- 
scribed above to vield preparations with a C, of 70 to 88. 

Table V presents a summary of the entire purification procedure for a 
representative run. From the starting material, an over-all purification 
of 1600-fold was achieved, calculated from the soluble protein N of the 
original extract. The highest activity achieved, C, = 88 for the hydrolysis 
of L-leucinamide, compares favorably with that of other proteolytic en- 
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zymes, being very much higher than those of the proteinases on synthetic 
substrates. Crystalline carboxypeptidase (13) has a C; = 14 for ecarbo- 
benzoxyglycyl-L-phenylalanine at the same substrate concentration 


TABLE IV 
Activity of Eluates from Electrophoresis on Paper 
Activity (C;) and units (in parentheses) for eluates after electrophoresis on 
paper. The units are those actually recovered and are uncorrected for losses on the 
strips which were stained as a guide for the elution. The fractions are numbered in 
order of increasing mobility. For Experiments A to C, the fractions eut are shown 
in Fig. 1. 


| Ci 

| Fraction 1 Fraction 2 Fraction 3 

A (Fig. 1, A) 25 (17) 16 (2) (10) 8 (2) 

B( “ 1, B) 52 (15) | 88 (3.0) | 87 (3.5) | 

52 (15) 70 (1.4) S81 (5.8) | 

D 52 (15) 49 (1) (5.5) | 

52 (15) 16 (0.5) 76 (4.3) | 67 (2.8) 

I. Preparative 52 (61) | 86 (44)* | 

47 (81) 566 (6) 82 (43) 


I. | 47 (120) 48 (9) 70 (77) 


* Only the major band was eluted. 


TABLE V 
Purification of Leucine Aminopeptidase from Swine Kidney 
This is a representative run for 2400 gm. of kidney. The initial enzyme content 
is based upon the activity of a clarified aqueous extract; such extracts are not pre- 
pared for the purification procedure given. 


Step No. | Ci | Total protein | Total units Yield 
| me. per cent 
Crude extract........................| 0.065 | 293,000 | 2450 | 100 
1. Acetone powder extract*.... | 0.25 45,300 1700 | 
2. Ist sulfate precipitation. .......... | 11,600 | 1900f | 
4. MgCl; precipitation............... | 3.6 | 2,640 1430 58 
6. Acetone fractionation... . | 43 105 | 720 29 
8. Klectrophoretie | SS 23 | 32 14 


* From a yield of 360 gm. of powder. 

+ The high recovery in this step is presumably due to the removal of inhibitors. 

¢ Only 82 mg. of protein from Step 7 were used, and the final yield is calculated 
from this quantity. 
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(0.05 m). Preparations of crystalline prolidase, another Mn*+-activated 
peptidase, have been obtained with C; = 130 for the scission of glycyl-.- 
proline (10, 14). 

From the initial rate of hydrolysis of 0.05 m leucinamide, it may be 
computed that approximately 200,000 moles of substrate are hydrolyzed 
per minute per 100,000 gm. of enzyme. This high turnover number 
compares favorably with that of other hydrolytic enzymes. The amino- 


Fic. 2. Electrophoretic patterns of preparations of leucine aminopeptidase ob- 
tained at the different levels of purity indicated by the C; values. The arrows in- 
dicate the direction of these descending patterns obtained after 100 to 125 minutes. 
The data are reported in Table VI. 


peptidase obtained by Robinson, Birnbaum, and Greenstein (15) from a 
particulate fraction of swine kidney has a very different specificity from 
that of leucine aminopeptidase and is reported to have a turnover number 
of about 60,000. 


Studies of Chemical and Physical Properties 


Electrophoresis—As purification progressed, it was useful to study the 
preparations in a Tiselius apparatus equipped with the Longsworth schlie- 
ren scanning device. Fig. 2 presents the electrophoretic patterns obtained 
with preparations of leucine aminopeptidase having a C, of 2.8 to 73. 
The data are given in Table VI. It appears that the major contaminating 
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protein traveled at pH 8.5, with a mobility very near that of the enzyme 
(u = —6.0 X 10-* sq. em. per volt per second).? 

In the preparation with C; = 73 there is a slight asymmetry at the base 
of the trailing edge. This may be an impurity or inactive enzyme, but, 
in any case, represents less than 10 per cent of the total area. It is likely 
that preparations with C, = 88 will prove to be completely homogeneous, 
but the small amount of such products at present available has prevented 
more thorough studies of electrophoretic behavior in the Tiselius cell. 
However, the best preparations were studied by electrophoresis on paper; 
these always revealed only a single band. Attempts to fractionate. this 


TaBLeE VI 
Electrophoretic Analysis of Preparations of Leucine Aminopeptidase 


These runs were performed at 1.5° in Veronal buffer of 0.1 ionic strength at pH 8.5, 
containing 0.005 Mm MgCl... The mobilities (u) are in sq. em. per volt per second. 


Protein | Component 1 | Component 2 Component 3 Component 4 
| — | Amount | u X 105) Amount | u X 105} Amount | u X 105 | Amount | u X 105 
| per cent | per cent | per cent per cent per cent | 
10.5 1.40 9 | —4.1 70 | —5.6 
2 | 082 | @ | -3.4 16 | —4.7 56 | —6.2 
43 «1.09 | —1.8 | —2.9 21 —4.2 67 | —5.9 
73 «0.32 | | | <10 | >90 | 
are | | | | | | 100 


* Preparations at this level of activity were apparently homogeneous when run 
by electrophoresis on paper. Insufficient material was available for a test in the 
Tiselius cell. 


band by cutting it and eluting the faster and slower portions yielded 
preparations with identical activity at the highest levels reported; namely, 
C; 84 to 88.3 


2 It should be noted that the aminopeptidase has an electrophoretic mobility 
very near that of serum albumin and that the crude preparations undoubtedly con- 
tain albumin as acontaminant. A plot of C; versus the percentage of the component 
with u = —6.0 & 10° indicates the presence of a large amount of inactive material 
with essentially the same mobility as the enzyme. Sedimentation studies of the 
partially purified preparations (C; = 2 to 6) revealed a component with soo,. in the 
neighborhood of 4.3 to 4.48, which is near the values reported for the serum albumins 
of various species. It should be noted, however, that no component with s = 4.38 
could be detected in our best preparations. 

‘It was indicated earlier (14) that preparations of leucine aminopeptidase with 
aC, of 85 were only about 40 per cent pure as judged by electrophoresis. It has now 
heen found that the apparent electrophoretic heterogeneity is an artifact. In the 
absence of added Mg*t* ions considerable inactivation of the enzyme occurs, and the 
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Sedimentation in Ultracentrifuge—Some of the purified enzyme with : 
(’, = 73 to 88 was used for sedimentation studies. These were performed : 
in a Spinco ultracentrifuge. A brief description of this instrument and | 
the controls and procedures as used in this laboratory have been reported } 


] 
Kic. 3. Sedimentation behavior of leucine aminopeptidase in the ultracentrifuge. ] 
The arrow indicates the direction of radial migration. The protein concentration I 
was 0.43 per cent. The first picture (on the left) was taken 5 minutes after 59,780 . 
r.p.m. was reached; the subsequent photographs were taken at 16, 16, 8, and 8 min- 
ute intervals, respectively. The absolute heights of the peaks have no significance, 
since the magnification was changed during the run. - 
I. 
2 1.2 
12. ra) 
_,08 
12.4-- 
a0.4 
Oo 
O O!1 O2 O03 O5 240 280 320 360 400 
Conc.~ per cent mA 
Fic. 4 Fia,. 5 b: 
Fic. 4. Sedimentation constant (s29,0) in Svedberg units of leucine aminopep- me 
tidase as a function of protein concentration. C 
Fic. 5. Ultraviolet absorption spectrum of leucine aminopeptidase. A solution b 
of leucine aminopeptidase (1.9 mg. of protein per ml., C; = SO) in water containing de 
9.005 M MgCl, and 0.005 m Tris at pH 8.0 was placed in a quartz cell and the absorp- 
tion spectrum determined in a Beckman model DU spectrophotometer with the ol 
salt-buffer solution as the blank. 

Vi 
previously (16). The studies were made at 59,780 r.p.m., which is equiva- st 
lent to centrifugal fields of approximately 240,000 & g and 300,000 x g In 
at the meniscus and base, respectively. 

Measurements made in Veronal buffer containing 0.005 m MgCl. at pl 

portion of protein bound to the metal ion remaining after dialysis hus a lower mo- 

bility than the active material. Separation of the more rapidly moving component = 

from the Tiselius cell has given preparations with essentially the same C,; that was fo 

obtained after electrophoresis on paper. st 
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pH 8.5 showed a single, monodisperse sedimenting boundary, as illustrated 
in Fig. 3. The influence of protein concentration’ on the sedimentation 
constant (S20...) Was studied at three concentrations; the results are pre- 
sented in Fig. 4. The line drawn through the points gives an extrapolated 
value of soo, at zero protein concentration of 12.68. On the basis of this 


TaBLe VII 
Amino Acid Composition of Leucine Aminopeptidase 
The sample was hydrolyzed at 105° in an evacuated sealed tube for 72 hours in 6 N 
HCl! (distilled three times in glass). The protein N was estimated by a micro- 
Kjeldahl method and the amount of protein computed on the assumption that the 
nitrogen content is 16 per cent. 


Amino acid | Amino acid 
Amino acid residue per 100 Amino acid residue per 100 

gm. protein gm. protein 
gm. gm 
Aspartic acid 10.2 Methionine 1.2 
Threonine 5.5* Isoleucine 5.7 
Serine 6.4* Leucine 8.8 
Glutamic acid 11.0 Tyrosine 2.7 
Proline 4.3 Phenylalanine 6.1 
Glycine 4.3 Histidine 2.1 
Alanine 6.4 Lysine 8.3 

Half cystine 2.4f Ammonia 1.9* 

Valine 6.6 Arginine 5.5 


* The actual recovery was 4.4 gm. of threonine and 4.3 gm. of serine (on a residue 
basis); these values have been corrected for the average destruction of these amino 
acids observed in 70 hours hydrolysis in this laboratory with other proteins (19, 20). 
Correspondingly, the ammonia recovery, on a residue basis, was 2.5 gm. and has 
been corrected for the ammonia liberated by the calculated serine and threonine 
destruction. 

T This is probably a minimal value, since only incomplete recoveries are usually 
obtained under the conditions of this analysis. 


value and comparison with proteins having similar sedimentation con- 
stants, leucine aminopeptidase would appear to have a molecular weight 
in the neighborhood of 300,000. 

Absorplion Spectrum—The absorption spectrum of a highly purified 
preparation of leucine aminopeptidase is shown in Fig. 5. The main 
absorption band was in the region usually found for simple proteins and 
indicated the presence of the aromatic amino acids. No evidence was 
found for the presence of nucleic acid or other substances which absorb 
strongly in the near ultraviolet region. 


! 
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Amino Acid Composition—The amino acid composition of leucine 
aminopeptidase was estimated by chromatographic separation of the con- 
stituent amino acids on the sulfonated polystyrene resin, Dowex 50 (17). 
A 0.9 X 100 cm. column was used for the acidic and neutral amino acids 
and a 0.9 X 15 cm. column for the basic amino acids and ammonia. The 
quantitative estimations were made by the ninhydrin procedure of Moore 
and Stein (17, 18). The hydrolysis and preparation of the samples were 
performed as described in earlier studies on carboxypeptidase (19) and 
papain (20). Since sufficient material was available for only a single 
run, the hydrolysis was performed for 72 hours at 105° in order to be cer- 
tain of complete hydrolysis of the protein. The results are reported in 
Table VII.‘ 

The composition of this enzyme does not reveal any striking character- 
istics. Most noteworthy, perhaps, are the low tyrosine content and the 
high leucine content which, except for aspartic and glutamic acids, is the 
most abundant amino acid. This may be significant when it is recalled 
that leucine aminopeptidase shows its highest activity on aliphatic sub- 
strates and particularly compounds containing leucine (1, 6, 7). 

Although the data in Table VII, which represent only a single run, are 
probably reliable only to the extent of 5 or 10 per cent for each value, they 
suggest that the protein contains only the usual amino acids. Tryptophan 
has not been determined. The data appear to account for 97.5 per cent 
of the weight of the protein and indicate that other constituents are proba- 
bly absent or present in only minor amounts. 


DISCUSSION 


The isolation of leucine aminopeptidase in a state of apparent homo- 
geneity now permits more definitive studies of the activation behavior and 
specificity of this metal ion-activated enzyme. Some first studies of this 
sort are reported in Paper V (7). Further study of the chemical and 
physical properties will depend on the development of methods which will 
permit the isolation of larger amounts of the enzyme. 

The studies of the enzyme reported here indicate that leucine aminopep- 
tidase is a typical protein with a molecular weight in the neighborhood of 
300,000, which is large when compared with most of the enzymes obtained 
from animal tissues. However, since the studies were made in the pres- 
ence of 0.001 m Mg**, which is essential for stabilization, it is possible 
that this high value may be due to aggregation of the protein. The high 
mobility of the enzyme at pH 8.5 suggests an acidic isoelectric point, 
probably in the region of pH 4 to 5. It is noteworthy that the enzyme is 


4We are indebted to Mrs. Vina Buettner-Janusch for these analyses. 
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very unstable in this region and manifests its optimal stability near pH 8 
to 8.5. 


SUMMARY 


1. Leucine aminopeptidase of swine kidney has been purified about 
1600-fold by procedures involving fractionation with ammonium sulfate 
and acetone and by electrophoresis on paper. 

2. The best preparations appear to be homogeneous, as judged by 
electrophoretic studies and by sedimentation in the ultracentrifuge. The 
absorption spectrum and amino acid composition indicate that the enzyme 
is a simple protein. 
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Earlier studies (1, 2) have shown that leucine aminopeptidase requires 
Mnt+ or Mg** as an essential component of the active enzyme. With 
the highly purified preparations from swine kidney (3), more thorough 
studies have been performed on the effect of metal ions on stability, the 
course of activation, and the equilibrium involved in the formation of 
active enzyme. 

Leucine aminopeptidase appears to have a broad specificity and has 
been found to hydrolyze not only leucyl compounds (1, 2, 4, 5) but a wide 
variety of other amino acid amides and peptides (6, 7). Inasmuch as the 
previous investigations were performed with cruder preparations, a resur- 
vey of the specificity of the enzymatic homogeneity seemed desirable. 

Present information indicates that other types of proteinases and pepti- 
dases found in swine kidney are absent from the purified enzyme. Studies 
of the specificity indicate that all of the actions previously ascribed to this 
enzyme on the basis of indirect methods are indeed possessed by this en- 
zyme. ‘This paper reports studies of the action of both the Mnt+- and 
the Mg*+-activated enzyme. 

Several years ago it was suggested (8-10) that leucine aminopeptidase 
and other metal-activated peptidases act through the intermediary forma- 
tion of an enzyme-substrate complex in which the metal ion participates 
as a bridge in the formation of a chelate complex. This hypothesis is 
discussed in the light of the more recent evidence concerning the activation 
and specificity of the enzyme. 


Methods 


Aliquots of highly purified leucine aminopeptidase from swine kidney 
(3) were activated at pH 7.9 to 8.0 in the presence of 0.001 m MnCl. or 
0.004 m MgCl. for 8 to 15 minutes at 40°. The solutions were buffered 


* This investigation was aided by research grants from the National Institutes 
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with 0.04 mM tris(hydroxymethylaminomethane (Tris). Aliquots of this 
mixture were added to the assay flask containing substrate buffered with 
0.2 Mm Tris at pH values specified in different experiments. In all cases 
sufficient MnCl. or MgCls was present in the assay medium to make the 
final concentration the same as in the corresponding activation flask. 

The microtitration method of Grassmann and Heyde (11) was used to 
measure the extent of hydrolysis. Complete hydrolysis of 1 susceptible 
peptide or amide bond is given as 100 per cent. The substrate was 0.05 
M L-leucinamide unless specified otherwise. First order proteolytic coeffi- 
cients (Ci) were estimated from C, = A,/E, where K, is the first order 
velocity constant calculated in decimal logarithms and J’ is the protein 
concentration in mg. of protein N per ml. of test solution. Zero order 
proteolytic coefficients (Co) were calculated from Co = Ko/E, where Ko is 
the zero order velocity constant calculated as per cent hydrolysis per 
minute. Protein N was determined by a turbidimetric method as already 
described (3). 


Activators and Inhibitors 


In studies (5) of the aminopeptidase of swine intestinal mucosa, it was 
noted that the enzyme was less stable in the presence of Mn** than in its 
absence. With the preparations from kidney (4), Mg** at certain con- 
centrations enhances the stability of the enzyme, and this has permitted 
its extensive purification. The stability of the purified enzyme in the 
presence of 0.005 m MgCl. is clearly indicated by Step 7 of the purification 
procedure (4) which involves aging of the enzyme for 6 to 10 weeks at 
refrigerator temperatures; under these conditions there is no measurable 
loss of enzyme activity. 

Many experiments were performed which were designed to effect as 
complete a removal as possible of activating ions. Under such conditions 
there was always a considerable loss of enzymatic activity, although the 
degree of activation produced by Mn** was greatly increased. In general, 
for all such experiments, including the examples in Table I, the greater 
the degree of activation which could be produced by Mn** after dialysis, 
the greater the loss of enzyme. This clearly indicates the adverse effect 
of removal of metal ions on the stability of the enzyme. 

Other experiments designed to show the effect of removal of metal ions 
were performed by adding citrate or Versene directly to the assay flasks 
containing MnCl. or MgCls. The results of two such experiments are 
presented in Table II. It is evident that Versene (ethylenediaminetetra- 
acetate) is a much more effective inhibitor than citrate. At pH 8.0 there 
is greater inhibition than at pH 8.5. It is noteworthy that at pH 8.0, in 
the presence of a 10-fold molar excess of Versene to Mn**, the enzymatic 
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activity was reduced 1000-fold. This provides strong evidence that the 
metal ion, Mn** in this instance, is an absolute requirement for the cata- 
lytic activity of leucine aminopeptidase. 


TaBLeE 
Effect of Removal of Ions on Stability and Activity of Aminopeptidase 
Aliquots of enzyme were dialyzed for 30 hours against three changes of the solu- 
tion indicated and then against two changes of deionized water to remove Versene. 


The initial preparation (C; = 10) contained 0.005 m MgCl... Assays conducted at 
pH 8.6 in 0.1 mM Tris buffer. 


Ci 
No addition (A) 
Dialvsis; 0.02 mM Versene at pl]7.6......... 7.2 | 39 | 5.4 
0.005 ** 4.0 | 32 | 8.0 
0.02 1.0 | 15 | 15.0 


Il 

Inhibition by Versene and Citrate of Leucine Aminopeptidase 
The enzyme was incubated at pH 8.0 with metal ion alone or with metal ion and 
inhibitor for 8 to 15 minutes, and the substrate (L-leucinamide) was then added for 
assay in the usual manner. Metal ion was present at 0.001 Mm. The solutions were 
buffered with M Tris. 


| | | 


Metal ion added pH | Inhibitor | C1 | gees Foe 

per cent 
Mntt 8.5 None 57 100 
8.5 0.005 m Versene 2.42 5 
se 8.5 | 0.005 ** citrate | 39 68 
Mg** 8.5 | None | 15 100 
a 8.5 | 0.005 Mm Versene 0.6 4 
8.5 0.005 * citrate ae 33 
Mn** 8.0 | None 50 100 
8.0 | 0.001 Mm Versene 48 
8.0 | 0.005 1.1 2 

8.0 | 0.01 | 0.049 0.1 
8.0 0.034 citrate | 36 72 


Tests with various metal ions at 0.001 m have shown that activation is 
obtained only with Mn** or Mg**, in confirmation of earlier observations 
(1). Cat? and Co** had no effect on the activity. Nit+, Zu*++, and Fet+ 
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produced moderate inhibition, whereas Cd*+, Cut, Hg++, and Pb*+* were 
almost completely inhibitory. 

Unlike prolidase (12, 13), another Mn**-activated peptidase, amino- 
peptidase is unaffected by 10~* Mm iodoacetamide or p-chloromercuri- 
benzoate, specific inhibitors of sulfhydryl enzymes. 

Diisopropyl fluorophosphate, a potent inhibitor of certain proteinases 
(14, 15), had no effect whatsoever on the purified aminopeptidase when 
tested at 0.001 m. However, this substance did enhance somewhat the 
stability of crude preparations of the aminopeptidase, possibly by inhibit- 
ing proteinases present in the crude extract. Swine kidney is, of course, 
a rich source of cathepsins (16). 

Time-Course of Activation—It has been reported (5) that the activation 
of the leucine aminopeptidase of intestinal mucosa by Mn** is a slow 
reaction, requiring several hours to produce optimal activity and regular 
kinetics; with Mg** the activation is even slower and requires higher 
concentrations of the metal ion for optimal activity. In the course of the 
isolation of the kidney enzyme, it was noted (3) that shorter times were 
required for optimal activation by Mn*+ as purer preparations were ob- 
tained. This time decreased from 2 to 3 hours for preparations with (C, 
of 4 or less to 15 to 20 minutes for preparations with C, greater than 10. 

With a preparation having a maximal (; of about 75 to 80 in the pres- 
ence of Mn+, a study was made at 40° of the time-course of the activation. 
The following procedure was used. Enzyme was incubated in solutions 
containing 0.04 m Tris buffer at pH 8.0 with different concentrations of 
MnCl, or MgCl... At intervals an aliquot of this solution was added to a 
flask containing substrate (L-leucinamide), buffer (Tris at pH 8.6), and 
sufficient metal ion to give the same final concentration as in the activa- 
tion flask. The assays were then conducted in the usual manner. 

It was found that the time at which optimal activity was attained and 
the degree of activation were dependent on the concentration of Mn+, 
and that, once optimal activity was reached, enzyme inactivation occurred 
at a rate which also depended on the level of Mnt+. Fig. 1 presents the 
results of experiments at the same enzyme concentration obtained at 
several concentrations of Mntt+. The data show that about 15 minutes 
are required at some Mnt* concentrations to achieve maximal activity 
and that at very high levels of Mn++ (0.004 and 0.008 mM) rapid inactivation 
occurs. 

Evidently two reactions are occurring concurrently: (1) the interaction 
of Mn** with the protein to form active enzyme, and (2) an inactivation 
of the Mn**-protein complex. At the lower concentrations of Mnt**, the 
apparent lack of inactivation may be somewhat misleading. Since only 
part of the enzyme ts activated, it will be this portion which is inactivated, 


CO 
CO 


Ek. L. SMITH AND D. H. SPACKMAN 275 


and as this occurs more protein will form active enzyme. As long as a 
reserve of unactivated protein is present, there will be no apparent loss of 
activity, but as soon as this is exhausted, a slow inactivation is observed 
as determined by activity measurements after 24 hours at 40°. Neverthe- 
less, there is no doubt that the rate of enzyme inactivation is greatly 
increased at higher concentrations of Mn+. 

Fig. 2 shows the effect of Mg*+ concentration on the change of Cy with 
time. Optimal activity was achieved with 0.004 m Mg** with no measur- 


8000r 
M 
> O10 
6000 002 
Co 
000! 
2000r- 
| 
2 3 4 3 4 
TIME ~ HOURS TIME“HOURS 
Fic. 1 Fig. 2 


Fig. 1. Incubation of leucine aminopeptidase at various Mn+* concentrations. 
The incubation mixtures, containing the various molar concentrations of Mn**, 
were buffered at pH 8.0 with 0.04 m Tris. Aliquots were withdrawn and assayed 
with L-leucinamide at pH 8.6 in the presence of 0.1 mM Tris at the same Mn** con- 
centration at the times shown. The enzyme concentration was 0.081 y per ml. in 
the assay flask and was 10 times greater in the activation flask. 

lig. 2. Incubation of leucine aminopeptidase with Mg*+. The mixtures con- 
tuined the various molar concentrations of Mg** and were buffered at pH 8.0 with 
0.04mM Tris. Aliquots were assayed with L-leucinamide at pH 8.6 (0.1m Tris) at the 
times shown. The enzyme concentration was 0.081 4 per ml. 


able loss of activity up to 4 hours of incubation, whereas some inactivation 
of the enzyme occurred at both lower and higher concentrations of Mg++. 
The over-all picture of activation and inactivation is evidently different 
from that found for the Mn*+-activated enzyme. 

In the studies just described, it was noted that there was a lag period 
at the beginning of many of the assays until about 10 to 20 per cent of the 
substrate was hydrolyzed (Figs. 3 and 4). Subsequently, the rate of 
hydrolysis was in accord with either first order (Mn+ activation) or zero 
order (Mg** activation) kinetics. This lag period was observed at Mn++ 
concentrations below 0.001 mM and at all Mg*t* concentrations tested. At 
concentrations of 0.001 m Mn** and higher, no lag period was observed, 
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and full activation of the enzyme was apparent from the beginning of 
assay. At the lower concentrations of Mn**, at. which the lag period was 


evident, it decreased with succeeding assays as time of incubation in- 
creased. For example, with 0.002 m Mn**+, the lag period was evident up 
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Fic. 3. Hydrolysis as a function of time after different times of incubation. A, 

2X 10-4m Mn**, and B, 8 & 10-3 Mm Mn** in both incubation and assay media. Fach 

curve represents an assay after incubation of Mn*t and protein for the time shown. 

The enzyme concentration in each assay flask was 0.081 y per ml. Conditions as 
in Fig. 1. 
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Fic. 4. Hydrolysis as a function of time after different times of activation. A, 
5X Mg**, and B,8 K 10°? mM Mgt*. Each curve is an assay after incubation 
of Mg** and protein for the time shown. The enzyme concentration in each assay 
flask was 0.081 4 per ml. The conditions were the same as those in Fig. 2. 


to 1 hour of incubation, but was absent at the 2 hour assay. Fig. 3 shows 
extent of hydrolysis plotted against time for two concentrations of Mn‘. 
The three curves in each of the two parts of Fig. 3 represent. individual 
assays after different times of incubation of Mn++ and protein prior to 
addition to the assay medium. 

Similar results appear in Fig. 4, where the amount of hydrolysis is 
plotted against time for a low and a high concentration of Mgt+. The 
three curves in each part of Fig. 4 again represent individual assays after 
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different times of incubation of Mg** and protein prior to addition to the 
assay medium. After the lag period, which could not be detected after 
hydrolysis of 5 to 10 per cent of the substrate, good agreement with zero 
order kinetics was observed, as indicated by the linear relationship between 
extent of hydrolysis and time. 

These data may be interpreted in the following manner. It may be 
assumed that the metal ion (Met**) and the protein interact reversibly to 
form active enzyme (17) 


Me*t* + protein Me**t-protein (1) 


and that the Met+-protein complex is the active enzyme (E). Thus, the 
amount and rate of formation of FE will be determined by the metal ion 
concentration, as shown in Figs. 1 and 2. In the presence of substrate (S), 
the approach to equilibrium will be hastened or the equilibrium will be 
disturbed, since active enzyme will be removed in accord with the usual 
Michaelis-Menten scheme, 


E+S=—ES—-P+E (2) 


where ES is the enzyme-substrate complex and P represents the products 
of the reaction. Hence, the addition of substrate will modify, to some 
extent, the equilibrium of Equation 1, and the result will be the establish- 
ment of a stationary state in accord with both Equations 1 and 2 until 
the substrate is hydrolyzed. 

A third factor is also operative in modifying the stationary state, since 


— inactive (3) 


The rate of this process is strongly dependent on the concentration and 
nature of the divalent metal ion (Figs. 1 and 2). 

Presumably, the lag period illustrated in the data of Figs. 3 and 4 may 
be explained by assuming that the equilibrium of Equation 1 is disturbed 
or that the process is accelerated by the addition of substrate. The effect 
of both factors is likely to be greatest at low concentrations of metal ion. 

It has already been shown (17) with the partially purified leucine amino- 
peptidase of intestinal mucosa that the activation by Mn++ may be satis- 
factorily described by the mass law equation (No. 4) derived from Equa- 
tion 1 on the assumption that one Mn++ ion participates in the formation 
of one active center of the enzyme. This equation is 


(Me**} (a — x) 


(4) 


where x is the activity at a given concentration of metal ion, @ is the maxi- 
mal enzyme activity, and KA, is the association constant for active enzyme 
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formation. Studies were made to determine whether the same relation- 
ship holds for the purified enzyme of kidney with both Mn*+* and Mg*+. 

Since the hydrolysis of leucinamide with Mn+ activation follows first 
order and, with Mg** activation, zero order kinetics, it was desirable to 
find a common basis for comparison of activity. In addition, when the 
initial time lag of hydrolysis is present, the calculation of the rate constants 
becomes more cumbersome. These difficulties were circumvented in the 
following manner. After the lag period, the amount of hydrolysis is 
essentially linear with time up to 30 or 40 per cent of hydrolysis whether 
the over-all kinetics are first or zero order. As a measure of the activity 
in the particular assay, the slope of the linear portion of the curves was 
determined. This was the portion of the curve between 15 and 35 per 
cent hydrolysis for concentrations of Mn*+* below 0.001 mM, between zero 
and 35 per cent hydrolysis for concentrations of Mn** of 0.001 mM and 
higher, and between 10 to 60 or 70 per cent hydrolysis for all concentra- 
tions of Mgtt+. With the Mg**-activated enzyme, the calculated rate 
constant is actually Ao. With Mn** activation, first order kinetics are 
followed over the whole of the reaction; hence the value for the initial 
rate of hydrolysis is called Ko’. 

The task of determining optimal enzyme activity at any given concen- 
tration of metal ion is also complicated by the slow activation and, in some 
cases, the subsequent inactivation. Consequently, for each concentration 
of metal ion, aliquots of the incubation mixtures were assayed initially 
and at 15 minute intervals. Upon plotting the enzyme activity (Ao or 
Ko’) as a function of the time of enzyme-metal ion incubation, curves 
similar to those of Figs. 3 and 4 were obtained, and the optimal value of 
Ko or Ko’ at that particular concentration of metal ion was determined. 

In conducting the studies with Mn++, the results cannot be interpreted 
without correcting for the low concentration of Mg++ added previously 
for stabilization. After final dilutions were made, the activity obtained 
at this Mgt* level was subtracted from the activities obtained at the 
lowest Mn++ concentrations, 1 10-° Mm and 3 10-° at which the 
added activation is significant. 

Fig. 5 shows the optimal activity of the enzyme as a function of concen- 
tration of the metal ion at which the activity was calculated in the manner 
described. The curve drawn is the theoretical one from Equation 4; the 
values of the constants are given in Table ITT. 

It is evident from Fig. 5 that the experimental data are in satisfactory 
accord with the theory. Because of the instability of the enzyme after 
dialysis to remove metal ions, already discussed above, it was not possible 
to study the activation over a greater range of metal ion concentration. 
A more extensive range can be achieved with preparations of lower purity 


(17). 
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Comparison of the a values in Table III shows very clearly that the 
Mg** enzyme has only about half the activity of the Mn++ enzyme and 
that A, is smaller for the Mg*t*+ enzyme; nevertheless, the difference in 
AF) is small. The value of A, for the Mn*+ enzyme found in these studies 
with the kidney enzyme is in excellent agreement with that determined 
arlier (17) for the partially purified aminopeptidase of intestinal mucosa 
(Table IIT). 


O7+ B 


‘on 
-6-5-4-3-2 -6-5-4-3-2 
Log [Mn**] Log [Mg**] 


hic. 5. Activity of leucine aminopeptidase as a function of metal ion concentra- 
tion. The points were determined experimentally as described in the text at pH 
8.6 and 40°. The curves drawn are theoretical from the mass law equation (No. 4) 
on the assumption that one Mn** or one Mg** is combined in each active group of 
enzyme. 


TABLE III 


Constants for Metal Ion-Protein Interaction 


Preparation pH — aof Equation 4 Ka | AF» (40°) 


| wt | 
Kidney (Mg**) 8.6 Ky =0606 12x10! —5900 
(Mn**) 8.6 Ky’ = 1.1 3.3 X — 6500 


Intestine (Mn**) (Smith (17)) 25x 10' —6300 


The differences between the enzyme activated by Mnt* and by Mg*+ 
are also reflected in the differences in kinetics mentioned above, being 
apparently first order and zero order, respectively. Presumably, the true 
Ko for the Mn** enzyme must be even higher, whereas the optimal Ko has 
been determined for the Mg++ enzyme. The K,, values for the substrate, 
L-leucinamide, used in these assays must also be different for the two 
enzymes. 

It is evident that the equilibrium constants determined from activity 
measurements are approximations, limited by the stationary state factors 
operative in Equations 2 and 3, and will also be in error in so far as non- 
specific binding of metal ion occurs at sites on the protein which are not 
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concerned with the enzymatic activity. Moreover, if impurities are 
present which bind a significant amount of metal ion, a further source of 
error is introduced. The good agreement between the AK, values for the 
crude and purified aminopeptidase indicates that the last factor is unim- 


portant in this case. The slightly higher K, value for the kidney prepara- | 


tion may be due to the difference in pH of the determinations. 
Recently, Malmstrém (18, 19) has demonstrated for crystalline enolase 


that direct measurements of the equilibrium constant by a dialysis tech- — 


nique are in good accord with the value determined by Warburg and © 


Christian (20) by activity measurements. This suggests that non-specific 
binding of metal ion is not an important factor in this case. It is very 
striking that, for certain peptidases and also for enolase, the K, values 
determined by activity measurements are of the same order of magnitude 
(13). 

Variation of Activity with pH—When purification of the aminopeptidase 
was begun (3), routine assays were conducted at pH 8.0. The studies by 
Johnson and coworkers (21) of this enzyme from several sources and of 
the enzyme from intestinal extracts in particular showed a pH optimum 
at about pH 8.0, with a slight decline up to 9.2, at which a sharp decrease 
of activity was encountered. Reinvestigation (7) of the pH-activity 


relationship of the Mn+*-activated enzyme from intestinal mucosa showed | 
that the activity increased rapidly from pH 6.0 to 7.8, at which it then © 


leveled off and remained nearly constant up to pII 9.3, the highest pH 


tested. 
As illustrated in Fig. 6, the behavior of the purified enzyme from kidney 


is different. With both t-leucinamide and t-leucylglycine, the optimal | 


action of the Mn*-activated enzyme is near pH 9.1, although the shapes 


of the curves differ. With Mgt and L-leucinamide, the optimum is near | 


pH 9.3. It should be noted, however, that at pH values above about 8.8, 


initial rates of hydrolysis were used because of progressive inactivation of — 


the enzyme. This factor is presumably responsible for the decrease in 
activity on the alkaline side of the optimum. 

The rate of hydrolysis was measured after optimal activation at pH 8.0 
under the conditions already described. Controls without enzyme were 
made for each assay flask so that a pH value could be obtained correspond- 
ing to the beginning of the assay. The pH was also measured at the end 
of each assay, usually when less than 60 per cent of the substrate was 
hydrolyzed. This was essential, since on the steep part of the curve the 
pH increased to the extent of 0.2 to 0.3 of a unit during the activity deter- 
mination. The pH value plotted is the average of the initial value and 
the reading taken at the termination of the assay. Tests with various 
buffers showed that no specific effects are found with Tris, Veronal, or 
cacodylate. 
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The data of Fig. 6 suggest that different effects are being studied under 
conditions at which zero order hydrolysis occurs (Fig. 6, Curves A and B) 
and at which first order hydrolysis is found (Curve C). In the first in- 
stance, the rate of hydrolysis is essentially independent of substrate con- 
centration (zero order kinetics), and, presumably, the relative concen- 
trations of the two forms of the substrates, RNH;* and RNHg, do not 
influence the pH-activity curve of the enzyme. It must be assumed, 
therefore, that the effect is entirely on the protein and its binding with 
the activating ion. Inasmuch as greatest coordination of metal ion with 
the protein (and with the substrate) will occur when the ligating groups 
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Fic. 6. Effect of pH on the hydrolytic rate of leucine aminopeptidase. Curve A, 
hydrolysis of L-leucylglycine with the Mn*t* enzyme; Curve B, hydrolysis of L-leu- 
cinamide with the Mg** enzyme; Curve C, the hydrolysis of L-leucinamide with Mn** 
enzyme. Tris-cacodylate mixed buffer, 0.1 M in each, was present in the assay me- 
dium. The enzyme was activated for 8 to 15 minutes at pI1 8.0 and 40° before assay. 
The enzyme concentration was 0.081 y per ml. at pH 8 and above and was 1.63 y per 
ml. at pH values below 8. The metal ion concentration was 0.001 m in both activa- 
tion and assay flasks for Mn** and 0.04 m for Mg**. 


are uncharged, it is likely that the pH-activity function from the acid 
region to the optimum is largely determined by this effect. For the 
aminopeptidase, this is the region in which imidazole and a-amino groups 
are titrated (22). The slight inflections in Curves A and B of Fig. 6 
suggest two zones of titration which correspond with the types of group- 
ings mentioned. It has already been noted (7) that the metal ion of the 
aminopeptidase is most readily removed at acid pH values which con- 
tribute to the instability of the enzyme; conversely, the enzyme is most 
stable and it is difficult to remove metal ion above pH 8. 

For the data of Curve C, Fig. 6, obtained under conditions in which 
rate of hydrolysis is essentially first order, the ionic form of the substrate 
must influence the rate of hydrolysis. The true substrate must bear an 
uncharged amino group, since the pH optimum is in the region where 
essentially all of the substrate is in this form; conversely, the activity is 
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negligible when the amino group is in the cationic form; e.g., at slightly 
acid pH values. This is also consistent with the hypothesis that the 
amino group binds with the metal ion in the formation of the enzyme- 
substrate complex (8, 9) (also see below). 

Effect of Enzyme Concentration—It has been an implicit assumption in 
some of the experiments already presented that enzyme activity is propor- 
tional to concentration. Fig. 7 shows that this is indeed the case. It is 
noteworthy that satisfactory assays may be conducted by the microtitra- 
tion method with as little as 0.025 y of protein N per ml. of assay medium. 


02 
O16 
Ol2e 
004+ 
| 
005 010 Ol5 O20 O25 


pigm.PROTEIN N/mi. 


Fic. 7. Effect of enzyme concentration on activity of the aminopeptidase. Mn++ 
was present in activation and assay flasks at 0.001 m. Assays were conducted at 
pli 8.6 in the presence of 0.1 mM Tris buffer at 40°. The enzyme preparation had a 
C; = 76. 


Specificity 


Lsterase Activity—In a previous study with a partially purified prepara- 
tion of the aminopeptidase, it was noted that esterase activity could not 
be detected (6). Since this finding is of some importance in the formula- 
tion of a possible mode of action of this enzyme and is in contrast to the 
behavior of certain other proteolytic enzymes which do possess esterase 
activity (15, 23), this problem was reinvestigated with the highly purified 
enzyme. In the region where the enzyme possesses its optimal action, 
the hydroxyl ion-catalyzed hydrolysis of amino acid esters occurs at a 
significant rate. As shown in Table IV for a representative experiment, 
the addition of enzyme or of 0.0016 Mm MnCl, did not increase the rate of 
hydrolysis of L-leucine methyl ester over that of the control. It may be 
noted that the enzyme concentration employed was far in excess of that 
needed for rapid hydrolysis of the amide under the same conditions. 

Kinetics—For an examination of the over-all specificity of the purified 
enzyme, a wide variety of substrates was tested, and all of these were used 
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at a single concentration, namely 0.05 mM. The enzyme was activated by 
0.001 m Mn** or 0.004 m Mg** under optimal conditions, as described 
above. Assays were performed at pH 8.8 to 8.9 with Mn++ enzyme and 
at pH 9.0 to 9.2 with Mg** enzyme. 

Under these conditions, it was found that the hydrolysis of some sub- 
strates followed first order kinetics, others zero order kinetics, and a few 
followed mixed zero and first order kinetics. In accord with the kinetic 
theory of enzyme reactions (23), it is to be expected that the K,, values 
for these substrates will be found to differ widely. Inasmuch as detailed 
kinetic studies at various substrate concentrations are contemplated, only 
au few examples of substrates which are hydrolyzed according to first or 
zero order kinetics are reported in Table V. The data for the kineties of 


IV 
Hydrolysis of u-Leucine Methyl Ester 


The tests were performed at 40° and pH 8.0. When enzyme was used, the con- 
centration was 0.23 y of protein N per ml. 


Hydrolysis 
No addition 0.0016 mM MnCl. Enzyme + 0.0016 wm MnCl 

min, per cent per cent per cent 

35 9 

60 15 15 15 

23 23 24 
120 28 29 30 


hydrolysis may be summarized as follows: first order with Mn+, leucin- 
amide, norleucinamide, norvalinamide, and glycylleucine; first order with 
Mg*t*, a-amino-n-butyramide, alanylleucinamide; mixed zero and first 
order, with Mnt*, lysinamide, argininamide, and glycylleucinamide, with 
Mgt*, norleucinamide and norvalinamide. The hydrolysis of all other 
compounds tested followed zero order kinetics. 

Relative Rate of Hydrolysis of Substrates—In order to compare relative 
rates of hydrolysis, the arbitrary procedure was followed of calculating a 
zero order proteolytic coefficient (Co) from the initial rate of hydrolysis 
(up to 15 to 30 per cent) for those substrates which did not follow zero 
order kinetics. 

Table VI presents the results for the hydrolysis of a number of amino 
acid amides, Table VII for various dipeptides, and Table VIII for other 
types of substrates. The significance of these results will be discussed 
further below, but. it may be noted here, as suggested earlier (6, 7) in 
studies with the intestinal enzyme of lower purity, that the action of the 
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enzyme is exceedingly broad and not, as is suggested by its name, restricted is 
to leucine compounds. th 
alt 
TABLE V pu 
Kinetics of Hydrolysis by Leucine Aminopeptidase 
Examples of zero and first order kinetics at the substrate concentration employed 
(0.05 
Substrat Metal i tom Hy- 
ubstrate e 10n pone ol p ime drolysis 0 1 | rat 
min. | percent 
L-Leucinamide Mn** 0.082 | 8.8 11 | 15 77 
20 | 25 76 
28 | 33 76 ya 
36 | 40 76 
44 | 47 77 ie 
52 | 53 77 — 
66 | 61 76 a 
| 0.163 | 9.1] 21 | 22 6,400 
28 | 28 | 6,100 
34.135 | 6,300 ly 
42 | 46 | 6,7 
50 | 54 | 6,600 
56 | 60 | 6,600 
u-Leucylglycyiglycine | 0.137 |8.9| 17 | 31.5 | 13,500 
2% | 49 | 13,7 
30 156 | 13,7 
36166 | 13,500 
pL-a-Aminobutyric amide Mg** 0.1638 | 9.2 18 | 16 25.8 LL 
30 | 24.5 25.1 
40 | 33 97.0 L-Is 
56 | 43.5 27.0 L-As 
70 | 50 
83 | 56 26.4 LPs 
t-Phenyislaninamide Mgt+ | 0.543 |9.1) 38 123 | 1,120 Hyd 
53 | 33 1,140 wna 
65 | 41 | 1,160 
so |50 | 1,150 e-An 
103 | 65 | 1,160 
L-Isoglutamine Mn*+ 1.37 8.8 32 | 14 320 Sine 
46 | 19 300 
62 | 26 310 stra: 
82 | 34 310 pote 
102 | 44 310 enzy 
124 49 290 | degr 
abili 
A strong indication, in addition to the apparent physical homogeneity Simi 
(3), that the same enzyme is responsible for the broad spectrum of activity | With 
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is the finding that the activity is enhanced by both Mn+ and Mg* and 
that inhibition is produced by the same agents. Since such data have 
already been presented (5, 6) for the Mn*+-activated enzyme of lower 
purity, they are omitted here. Table IX shows for several types of sub- 


TABLE VI 


Hydrolysis of Amino Acid Amides 
The value for L-leucinamide is given as 100 and for the other amides as the relative 


rate. 
Mn** activation Mg** activation 
— Enzyme Relative Enzyme Relative 
per ml, y per ml. 

L-Leucinamide 0.082 | 14,000 | 100 0.163 6600 | 100 
pL-Norleucinamide 0.082 | 14,200 | 101 0.163 7200 | 105 
pL-Norvalinamide 0.082 11,800 84 0.163 7200 | 109 
pL-a-Amino-n-butyramide 0.082 5,100 36 0.163 5100 77 
L-Alaninamide 1.37 470 3.4 3.26 325 4.9 
Glycinamide 1.64 18 0.13 | 3.26 7 0.10 
L-Isoleucinamide 0.328 2,800 | 20 0.543 1120 17 
L-Alloisoleucinamide 1.01 1,000 7.1 
L-Valinamide 0.328 2,400 | 17 
L-Tryptophanamide 0.328 3,400 | 24 
L-Phenylalaninamide 0.541 3,600 | 26 0.543 1140 17 
L-Tyrosinamide 0.328 2,200 | 16 
L-Histidinamide 0.541 2,700 | 19 0.543 680 10 
L-Lysinamide 1.37 1,000 re 3.26 800 12 
L-Argininamide 1.01 1,000 
L-Isoglut amine 1.37 310 2.2 
L-Aspartic acid diamide 1.37 410 2.9 3.26 250 3.8 
L-Serinamide 1.64 106 0.76 
L-Prolinamide 1.64 100 0.71 
Hydroxy-.-prolinamide 1.64 80 0.57 
DL-a-Aminocaprylamide 0.082 | 10,500 | 75 
pL-Tertiary leucinamide 1.64 16 0.11 
a-Aminoisobutyramide 1.64 0 0 
p-Leucinamide 1.64 0 0 3.26 0 0 


strates that addition of Mg+* enhances the activity and that Versene is a 
potent inhibitor. The degree of activation is only modest, since the 
enzyme contained some Mg*+ (5 X 10-®m) for stabilization. The variable 
degree of activation with different substrates may be a reflection of the 
ability of the substrate to compete with the enzyme for the metal ion. 
Similar considerations apply to the relative effectiveness of the inhibitor 
with different substrates. 
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Further evidence that a single enzyme is responsible for the broad 
action is derived from observations that the relative activity towards 


representative amino acid amides, dipeptides, dipeptide amides, ete., is 


Tasie VII 
Hydrolysis of Dipeptides 


The relative rates are compared with the value of 100 for L-leucinamide as given 


in Table VI. 


Substrate 


L-Leucyl-L-leucine 
L-Leucyl-p-leucine 
L-Leucy|-L-isoleucine 
L-Leucyl-p-isoleucine 
L-Leucyl-L-valine 
L-Leucyl-p-valine 
L-Leucyl-L-alanine 
L-Leucyl-p-alanine 
L-Leucylglycine 
L-Leucyl-L-phenylalanine 
L-Leueyl-p-phenylalanine 
L-Leucyl-L-tyrosine 
L-Alanyl-L-leucine 
L-Alanylglycine 
L-Histidylglycine 
Glyvevlglycine 
Glyeyl-L-tryptophan 
Glveyl-L-tyrosine 
Glyveyl-L-proline 
L-Prolvlglycine 
8-Alanyl-L-histidine 
p-Leucylglyvcine 
p-Leucyl-L-tyrosine 


activation 


Enzyme 


concen- 
tration 


y per mil, 


0.137 


— 
w 


| 
Ww 
~] 


— 


we 

— 


64 


Co 


13,900 


Relative | 
rate | 

| 

| 


— 


& 


Ww 


. 


0 


Mg** activation 


Enzyme 
concen- 
tration 


0.165 


0.163 
3.26 


0.163 


3.26 


* From the data of Smith, Spackman, and Polglase (7). 


approximately the same at various stages of activity. This may be indi- 
cated by comparing the data in Tables VI, VII, and VIIT with the relative 
rates reported earlier for the same substrates with the intestinal enzyme 


y perml. | 


Co 


4700 
1160 
49 


Q 


| 


Relative 


rate 


71 
18 
0.70 


9.0 


(6, 7). Similar comparisons have been made for the kidney enzyme at 


levels of activity towards L-leucinamide of C; = 3, Ci = 40 to 45, and for 
the best preparations with C; = 75 to 88. 
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| th 
| di 
| 
| | | 
| 7 | 8,900| 64 | 3300 50 
| | 0.07) | 0 0 
7 | 7,400] 53) | | 
| | 40) 0.29 | | | Gl 
| 7 | 9,000; 64 | 
| 340 | 2.4 | 
/12,000; 86 | 0.163 | | 
| | 3,600) 26 | 0.543 
| | 60} 0.43) 3.26 | on 
| 2,800| 20 | 
| 13,000; 93 | | Dig 
| | 1,300 | | | Cur 
| 5,600 a p 
4 | 1,400) 1 | Ace 
| 165 | | Ber 
| | | Ace 
520 
0 
330 70 1.1 
320 
0 
3.26 
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It may be noted that the action of the enzyme is negligible or unde- 
tectable on substrates of other proteolytic enzymes which are found in 
swine kidney, e.g., 8-alanyl-L-histidine (carnosinase) (24), carbohenzoxy- 
glycyl-t-phenylalanine (kidney carboxypeptidase or acylase) (16, 25), 
benzoyl-L-argininamide (cathepsin) (16, 26), acetyl-L-tyrosinamide (ca- 
thepsin) (16, 26), glyeyl-L-proline (prolidase) (12), L-prolylglycine (imino- 
dipeptidase) (27, 28), glyeylglycine (dipeptidase), ete. The weak activity 


Taste VIII 
Action of Aminopeptidase on Various Tupes of Substrates 
The relative rates are compared with the value of 100 for L-leucinamide as given 
in Tables VI and VII. 


Mn** activation Mg** activation 


concen- Co -oncen- C 

| per mi, | | | per 
Glyeyl-t-leucinamide | 0.274 | 6,000} 43 | 0.548 | 6,200; 94 
0.187 18,000 | 129 | 0.548 5,400 82 
L-Leuey]-L-valinamide O.1387 | 14,300) (0.168 3,900 58 
0.187 | 26,000 | 186 | 0.082 12,300 186 
L-Histidylglvevlglyvecine 0.274 | 5,800; 4! | | | 
Triglycine* 1.64 | 330 2.4 | 


L-Leueviglvevl glycine 0.137 | 16,800 120 0.082 4,600 70 
Diglyeyl-pu-leueylglyeine 1.64 450 3.2 | | | 
(0) 0) 

phenylalanine | | 
Acetvl-L-t yrosinamide ve 
Benzoyl-L-argininamide | 3.16 0) 
| 3.16 0) 


phenylalanine 


* When triglyeine was assayed with 0.025 Versene, the activity was completely 
inhibited. 


towards the last two substrates and triglycine is undoubtedly due to the 
aminopeptidase. The aminopeptidase has no detectable action on acetyl- 
L-phenylalanyl-L-phenylalanine, a sensitive substrate for pepsin (29). 
The lack of action of the enzyme on most of these compounds, taken in 
conjunction with the apparent physical homogeneity (3), indicates a high 
degree of purity. 

Substrates —Most of the compounds used in this study have been de- 
seribed in earlier publications from this laboratory (6, 7, 30). We are 
indebted to Dr. J. 8. Fruton for samples of glyeylglyeyl-pi-leucylglycine 
and carbobenzoxy-L-serinamide, to Dr. J. P. Greenstein for p1L-tertiary 
leucinamide and t-alloisoleucine, and to Dr. A. Meister for pL-a-amino- 
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caprylamide. .-Histidylglycine and t-histidylglycylglycine were prepared 
by Dr. Neil C. Davis of this laboratory; the preparation of these peptides 
will be described later. 

L-Phenylalaninamide Hydrochloride—5.0 gm. of L-phenylalanine ethyl 
ester hydrochloride were dissolved in 60 ml. of methanol which had been 
saturated at 0° with dry ammonia. After 5 days in a pressure bottle at 
room temperature, the solution was concentrated in vacuo to dryness, and 
the product was crystallized from methanol and ether; yield, 4.0 gm. 


TaBLeE IX 
Effect of Mg** and Versene on Hydrolysis of Substrates 
These experiments were performed at pH 9 in the presence of Tris buffer. The 
enzyme contained 5 X 10-§ m MgCl. (no addition). For activation, the flasks con- 
tained 0.004 m MgCl, after the usual activation time. The inhibition by Versene at 
0.025 m was tested with 0.004 m MgClo. 


addition With Mg** With Mg*+ + Versene 
Substrate 
ivate Inhibite 
Co Ce Co 
per cent per cent 
as 980 6 , 600 15 600 9 
L-Phenylalaninamide................ 270 1,140 24 | 220 19 
1230 3,500 35 22 
240 580 3 
L-Alanyl-L-leucinamide.............. 900 | 12,300 7 | 2700 22 
L-Leucylglycylglycine............... 870 4,600 19 | 710 15 


The compound was recrystallized from ethanol; m.p., 246° with decomposi- 
tion. 
C,H,,0N.Cl. Calculated. C 53.9, H 6.5, N 14.0 


Found. 53.9, 6.8, 14.1 
[a]?> +20.7° (1% in water) 


L-Serinamide Acetate—Carbobenzoxy-.-serinamide (31) (0.4 gm.) was 
hydrogenated in the usual manner with palladium black as catalyst. 
After removing the catalyst, the solvent was removed in vacuo. The 
substance was crystallized from methanol-ether and was recrystallized 
from methanol-ethyl acetate. Yield, 0.15 gm.; m.p., 131-132°. 


C'5H,204N2 (164.2). Calculated, N 17.1; found, 17.0 
[a]? +11.0° (1% in water) 


L-Aspartic Acid Diamide Hydrochloride—5.0 gm. of L-aspartic acid 
diethyl ester hydrochloride were aminated for 2 days as described above. 
After concentration to dryness in vacuo, excess ether was added to com- 
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plete the crystallization. The compound was treated with Norit in 95 
per cent ethanol and crystallized twice with ethyl acetate; yield, 2.0 gm. 
After recrystallization from the same solvents, the melting point was 
214-215° with decomposition. 


C4Hio02N;3Cl (167.6). Calculated, N 25.1; found, N 25.1 
[a]5 +15.8° (1% in water) 


L-Histidinamide Dihydrochloride—5.0 gm. of t-histidine methyl ester 
dihydrochloride (32) were aminated as described above to yield an impure 


- product. This product was treated with Norit A and recrystallized from 


water-methanol-ethyl acetate to yield two crops. The second crop was 
dissolved in 95 per cent ethanol, treated with Norit A, and crystallized 
by addition of ethyl acetate; yield, 1.3 gm. This was recrystallized twice 
from methanol-ethyl acetate; m.p., 257-258° with decomposition. 


CeHi2zON Calculated. C 31.8, H 5.3, N 24.7 
Found. 323.1, ** 5.3, 26.0 
[a]?? + 22.6° (1% in water) 


Dicarbobenzoxy-L-lysinamide—u-Lysine methyl ester dihydrochloride 
(23.4 gm.) was treated with carbobenzoxy chloride by the method of 
Bergmann, Zervas, and Greenstein (33) to yield a syrup of dicarbobenzoxy- 
L-lysine methyl ester. This syrup was aminated in 450 ml. of methanol- 
ammonia as described above. After 2 days at room temperature, the 
solution was chilled to yield 27.5 gm. of product melting at 155-156°. A 
second crop, when recrystallized from methanol, yielded an additional 
6.3 gm. with the same melting point. <A melting point of 155° was re- 
ported by Bergmann et al. (33) who prepared this compound by esterifying 
dicarbobenzoxy-L-lysine with diazomethane and aminating the resulting 
syrup in the usual manner; no yield was reported. 

L-Lysinamide Dihydrochloride—The above compound (5.0 gm.) was 
hydrogenated in methanol in the presence of HCl. The product crystal- 
lized from methanol-ether; yield, 2.55 gm. After recrystallization from 
methanol-ethyl acetate, the melting point was 220—221° with decomposi- 
tion. 

Calculated. C 33.0, H 7.9, N 19.3 


Found. 33.2, 8.0, 19.6 
[a]> + 18.8° (1% in water) 


L-A lloisoleucine Ethyl Ester Hydrochloride—2.5 gm. of t-alloisoleucine 
were esterified twice in 50 ml. of ethanol with dry HCl under reflux condi- 
tions for 3 hours. After each esterification, the preparation was repeatedly 
concentrated to dryness in vacuo with addition of ethanol. The product 
was crystallized twice from ether-petroleum ether; yield, 3.35 gm. of 
hygroscopic needles melting at 89-90°. 
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Csl1,s0.NC1-3H.0. Calculated. C 46.9, H 9.4, N 6.8 
204.7 Found. 46.8, 9.6, 6.8 
[a]? +15.0° (1% in water) 


L-Alloisoleucinamide Hydrochloride—2.0 gm. of the above ester hydro- 
chloride were aminated for 5 days in the usual manner. The solution 
was concentrated to dryness in vacuo repeatedly with methanol and re- 
aminated as before. After concentrating the solution to dryness in vacuo 
several times with addition of methanol, the product was dissolved in 
methanol which was treated with Norit. The compound was crystallized 
first from methanol-ether and then from methanol-ethyl acetate. Yield, 
0.50 gm.; m.p., 240-241° with decomposition. 

CeHisON2Cl. Calculated. C 43.2, If 9.1, N 16.8 
165.7 Found. 439 © 87 170 
[a]3> +32.0° (1% in water) 

Methyl a-Aminoisobutyrate—50 gm. of a-aminoisobutyric acid were 
esterified in methanolic HCl under reflux as described above, and the 
product was crystallized from methanol-ether; yield, 54.3 gm. The 
product was recrystallized twice from methanol-ethyl acetate; m.p., 
186.5-187°. 


CsHi2.0.NCIl. Calculated. C 39.1, H 7.9, N 9.1 
153.6 Found. °° 


a-Aminoisobutyramide Hydrochloride—Amidation of the above ester 
(2.2 gm.) was performed in the usual manner for 17 days. Shorter times 
gave poor yields because of incomplete reaction. The product was isolated 
in the usual way; yield, 1.9gm. The substance was dissolved in methanol, 
treated with Norit A, and recrystallized by addition of ethyl acetate; 
m.p., 271° with decomposition. 
C,H Caleulated. C 34.7, H 8.0, N 20.2 
138.6 Found. “Sau, 


L-Leucinamide Hydrochloride—This compound was prepared as de- 
scribed previously (30). After two recrystallizations from methanol-ethy! 
acetate, needles were obtained which melted at 244—245° with decomposi- 
tion; [a|-? +10.0° (1 per cent in water). Smith and Slonim (30) reported 
lal? +9.5° (5 per cent in water) and a melting point of 236-237° with 
decomposition. 

Carbobenzoxy-L-leucyl-L-valinamide—A syrupy preparation of carbo- 
benzoxy-L-leucyl-L-valine methyl ester prepared from 4.6 gm. of carbo- 
benzoxy-L-leucine hydrazide and 2.5 gm. of L-valine methyl ester hydro- 
chloride as described previously (7) was aminated as described above. 
The product (0.75 gm.) was crystallized from methanol-ether; m.p., 224- 
226° with decomposition. 


ml 
tel 
mn 

aft 


ee 
ove 
the 
Was 


| Sl 
W: 
A 
Za 
| pl 
H 
91 
| tra 
| Na 
wit 
Th 
ala 
hot 


re 
he 
he 


p+ 


E. L. SMITH AND D. H. SPACKMAN 291 


Calculated. C 62.8, H 8.0, N 11.6 
363.4 Found. 7a, 


L-Leucyl-L-valinamide Hydrochloride—The above amide (0.5 gm.) was 
suspended in methanol and hydrogenated in the usual manner. Ether 
was added to the filtered methanol solution to yield 0.35 gm. of product. 
After recrystallization from methanol-ethyl acetate, the melting point was 
234-235° with decomposition. 

Caleulated. C 46.5, HE 9.2, N 14.8 
265.8 Found. 9:2, 142 
lal? + 8.73 1% in ethanol) 


Acelyl-L-phenylalanine Ethyl Ister—A solution of 9.4 gm. of acetyl-L- 
phenylalanine (34) in 130 ml. of ethanol was esterified twice at 0° with dry 
HCl. Yield, 7.65 gm. after recrystallization from ethanol-water; m.p., 
91—92°. 

Caleulated. C 66.4, H 7.3, N 6.0 
235.3 Found. 74,"% $8 


Acetyl-L-phenylalanine Hydrazide—To 5.7 gm. of the above ester in 100 
ml. of ethanol, 2.3 gm. of 95 per cent hydrazine hydrate were added. Af- 
ter 1 day at room temperature, the solution was repeatedly concentrated 
in vacuo to dryness with ethanol. Yield, 3.3 gm.; melting point 180-180.5° 
after recrystallization from ethanol-ether. 

Caleulated. 59.7, H 6.8, N 19.0 


Ethyl Ester—The above hydrazide 
(2.1 gm.) in 35 ml. of water, 3.5 ml. of acetic acid, and 1.7 ml. of concen- 
trated HCl was converted to the azide at 0° by addition of 1.2 gm. of 
NaNOvs. The azide was extracted into ethyl acetate and washed at 0° 
with water, 2 per cent NaH[/CO ; and water, and finally dried over NasSQx. 
The dried solution was then added to a dry ether solution of L-phenyl- 
alanine ethyl ester prepared from 2.3 gm. of the hydrochloride. After 18 
hours, the solvents were removed in vacuo, and the substance was recrystal- 
lized from ethyl acetate-petroleum ether. Yield, 2.8 gm.; m.p., 148—-149°. 


». Caleulated. (* 69.1 II 6.9, N 
382.5 Found. 60.3, 6.8, 7.5 


la|> —5.5° (1% in ethanol) 


above ester (1.95 gm.) in 
acetone was saponified with 6.1 ml. of N NaOll added in three portions 
over 30 minutes. After an additional 45 minutes at room temperature, 
the solution was acidified to Congo red. Part of the product (0.5 gm.) 
Was obtained on cooling to 5°. The remainder was resaponified to yield 
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an additional 0.85 gm. The melting point of each crop was 264—265° with 
decomposition. 


CooH2204N2. Calculated. C 67.8, H 6.3, N 7.9 
354.4 Found. ‘* 67.8, ‘* 6.3, “ 7.8 
[a]? +16.2° (1% in pyridine) 


DISCUSSION 


Several years ago in discussions of some aspects of the specificity of the 
metal peptidases, it was suggested that the réle of the metal ion in these 
enzymes is to act as a bridge in forming a ternary coordination complex 
between the substrate and the specific protein (8, 9). This hypothesis has 
been criticized (35) on the grounds that most of the peptidases for which 
the theory seemed most reasonable were used only in partially purified or 
crude form and that it was uncertain to what degree the specificity and 
activation behavior ascribed to the enzymes were valid. The present re- 
ports deal with preparations of leucine aminopeptidase which are appar- 
ently homogeneous, and homogeneous preparations of prolidase, a Mntt+- 
activated peptidase, have also been reported (12, 13). It is now possible, 
therefore, to obtain definitive characterizations of two metal peptidases. 

For the aminopeptidase described in this and in Paper IV, the major 
properties concerned with specificity and metal ion activation previously 
studied on cruder preparations have been fully confirmed. The character- 
istics of greatest interest may be enumerated as follows: (1) Mn++ or Mg++ 
is essential for activity, and the rate and degree of activation are functions 
of the metal ion concentration. The stability of the enzyme is also influ- 
enced by the concentration of metalion. (2) The enzyme attacks a variety 
of compounds which possess a free amino group. The residue bearing this 
group (N-terminal) cannot be of the p configuration. (3) The rate of 
hydrolysis depends strongly on the nature of the side chain of the N-termi- 
nal residue. For the amino acid amides, the rate of hydrolysis of the 
straight chain aliphatic compounds decreases with the size of the grouping. 
Aromatic compounds are less sensitive than the larger aliphatic ones. 
Compounds which possess hydrophilic (polar) groups, COO- (isogluta- 
mine), CONHz: (aspartic acid diamide), NH;+ (lysinamide), OH (serin- 
amide), etc., are relatively insensitive to the action of the enzyme (Table 
VI). (4) For the action on dipeptides (Table VII), the nature of the 
residue bearing the carboxyl group has less influence than the N-terminal 
residue. Even dipeptides with a p configuration of the carboxyl moiety, 
e.g. LU-leucyl-p-alanine, are hydrolyzed at a modest rate. (5) The enzyme 
possesses no detectable action on amino acid esters. 

As indicated in earlier attempts (8, 9) to formulate a hypothesis which 
will explain both the specificity and mode of action of the aminopeptidase, 
the most important considerations relate, on the one hand, to the rdle of 
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the metal ion and, on the other, to the specific requirements in the structure 
of the substrates; e.g., the optical specificity, the presence of a free amino 
group, the susceptible amide or peptide bond, and the nature of the side 
chain. 

It is also essential that any hypothetical mode of action should explain 
why the aminopeptidase does not act on the analogous amino acid esters, 
a striking property which is possessed by carboxypeptidase and certain 
proteinases (15, 23). In this light it is valuable to examine the comments 


of Klotz and Ming (36, 37). These investigators have noted some diffi- 


culties in accepting the previously postulated mode of action of the amino- 
peptidase through the formation of an intermediate chelate complex with 
the substrate. Their two main objections are that Mn+ and Mg** are 
relatively weak chelating ions when compared with other divalent cations 
and that the products of peptide or amide hydrolysis, viz. amino acids, are 
stronger chelating agents than the substrates. Kroll (38), for example, 
has noted that Mn** forms complexes with leucine but not with leucin- 
amide. In their modified formulation, Klotz and Ming (37) accept the 
view that the metal ion interacts at the peptide or amide bond, but postu- 
late that the site of interaction is at the carbonyl oxygen of the susceptible 
bond rather than at the nitrogen. In order to explain the specificity with 
regard to the free amino group, they assume that this is due to the need 
for interaction with some other site on the protein rather than to the metal 
ion. 

These points are rather fundamental ones and must be considered in 
some detail. Smith and Polglase (6) noted that the aminopeptidase had 
no action on esters and for that reason assumed that the interaction of the 
metal ion is with the nitrogen of the susceptible bond. The experimental 
facts have been confirmed in the present study. If, as Klotz and Ming (37) 
have suggested, the interaction is at the oxygen of the peptide bond, it is 
difficult to understand the lack of esterase action. Moreover, it has been 
noted in the case of prolidase ((13) p. 301) that, if the site of interaction is 
at the nitrogen of the peptide bond, an electron displacement from the 
peptide carbonyl carbon to the nitrogen could occur. This would render 
the carbonyl carbon more electropositive and susceptible to hydroxy] ion 
attack. The subsequent events would then be the usual type of nucleo- 
philic displacement by hydroxyl ion. In the discussion of this presenta- 
tion, Hammett ((13) p. 315) has noted the favorable effect of the metal ion 
in withdrawal of electrons from the amide carbon if the interaction is with 
the nitrogen rather than the oxygen. It seems, therefore, that from two 
view-points, the lack of esterase action and the favorable catalytic effect, 
there is good reason to assume that the metal ion interaction is with the 
nitrogen. 

The over-all problem with respect to metal ion chelation with the sub- 
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strate may be approached with the aid of the following considerations 
which were not clear when the hypothesis was first presented (8, 9, 39) and 
which have emerged in part from later studies of the specificity of the 
aminopeptidase. Examination of Table VI shows that the susceptibility 
of amino acid amides is strongly dependent on the nature of the side chain 
R if the substrates are described as RHC(NH.)COOH. For compounds 
with hydrophobic groups, the rate of hydrolysis is primarily a function of 
size, although the aliphatic compounds are more sensitive than aromatic 
ones. Previously, the R group interaction has been ascribed to a van der 
Waals-like interaction with similar groups of the protein (6, 10,40). How- 
ever, it has been noted by Kirkwood and by Eyring! that such interactions 
are much stronger than expected for van der Waals’ forces alone, since the 
hydrophobic character of R groups of both protein and substrate will re- 
pel water molecules and the energy of interaction will involve not only 
the van der Waals’ effect but, in addition, the hydrogen bond energy of the 
displaced water molecules. In effect, the over-all process may be described 
as “hydrophobic interaction.” 

Our experimental findings with the aminopeptidase are fully in accord 
with this view, since, as noted above, all of the amino acid amides which 
contain hydrophilic R groups of different chemical character are relatively 
poor substrates, presumably because of their common characteristic of 
attracting rather than displacing water molecules. Studies in this labora- 
tory? of the kinetics and specificity of carboxypeptidase have shown that 
this enzyme possesses similar properties, inasmuch as the R group of the 
amino acid residue which bears the free carboxyl group has a similar effect 
on the susceptibility of the substrate. Moreover, the kinetic evidence 
suggests that the initial rate-limiting step in the enzyme-substrate inter- 
action is probably the R group interaction with the protein. If it is as- 
sumed that a similar situation exists with the aminopeptidase, the apparent 
difficulties with the chelation hypothesis may be readily resolved. 

In order to account for the absolute optical specificity of the amino- 
peptidase, it must be assumed that there is a minimum of three sites of 
interaction of enzyme and substrate (8, 9,41). For an amino acid amide, 
these sites are the R group, the free amino group, and, as discussed above, 
the nitrogen of the sensitive bond. From many view-points, it is unlikely 
that all three sites of the substrate interact with the enzyme simultane- 
ously. A simultaneous, oriented, three point interaction is far more un- 
likely than a trimolecular collision. It is far more probable that there is 
a stepwise interaction. The interaction of the un-ionized free amino group 

‘See the discussion particularly by Kirkwood and Eyring, pp. 10-26, in Smith 
etal. (13). 

2? Unpublished observations by Smith, Lumry, and Polglase. 
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of the substrate with the metal ion may precede or follow the R group 
interaction; there is no difference in the ultimate picture. The main point 
is that these two sites should be involved prior to the amide nitrogen inter- 
action. At this point, if the substrate is bound to the surface of the enzyme 
at these two sites, it must be assumed that the amide bond would be cor- 
rectly oriented and that the amide nitrogen would be in juxtaposition with 
the metal ion, thus producing an incipient chelate complex, since the metal 
ion is now combined both with the amino group and the amide N. Such a 
chelate need have only a momentary existence, since the catalytic effect 
would then proceed very rapidly by simultaneous electron displacement 


| PROTEIN | | PROTEIN |} 


| 
Me** 
| f | ‘ 
| NH NH. NH 
R-C——C=0 R-—C——C=0 
(I) (0) 
| PROTEIN | | PROTEIN | 
! 
R-C—COO+ 
H OH H 
t+ 
( 1) (IZ) 


kia. 8. The postulated sequence of events in the hydrolysis of an amino acid by 
leucine aminopeptidase. 


from the C—N bond through the metal ion interaction with the nitrozen, 
along with hydroxyl ion attack at the carbon of the C—N bond. This 
would result in a nucleophilic displacement of the amide group. In essence 
there is a 2-fold attack on the amide bond, each effect reinforcing the other, 
the metal ion on the amide nitrogen and the hydroxy] ion on the carbonyl 
carbon. The sequence of events may be pictured as in Fig. 8. 

It is important to note that the amino group of the liberated amino acid 
must be rapidly displaced from its combination with the metal ion because 
of the high affinity of such an amino group for hydrogen ion compared 
with that of an amino group of an amino acid amide or peptide. For 
aliphatic amino acid amides, dipeptides, and polypeptides, the pkX’ of the 
amino group is of the order of 7.7 to 8.3 (22). At the optimum of the 
enzyme, in the neighborhood of pH 9.0, the amino group of the substrate is 
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almost entirely in the un-ionized form and will therefore have its maximal 
affinity for the metal ion. In contrast to this, for a free amino acid, e.g. 
leucine, the pK’ is much higher, being about 9.6 (22). At the pH optimum 
of the enzyme, the liberated amino acid will be readily displaced from the 
metal ion by hydrogen ion, and the formation of the amino acid in its di- 
polar ion form will aid this process by the repulsive force between the 
positively charged metal ion and amino group. 

In essence, then, the enzyme-substrate complex must involve combina- 
tion with the R group and amino group prior to interaction with the amide 
N. The amino group of the free amino acid, because of its unfavorable 
pK value, cannot readily form a complex with the metal ion. Thus, the | 
considerations raised by Klotz (36, 37) do not appear to pose any for- : 
midable theoretical objection to the chelation hypothesis, inasmuch as the | 


alleged superiority of the free amino acid in its ability to chelate with metal 
ions does not obtain under conditions favorable for the enzyme. It is also 
evident why free amino acids are not potent inhibitors of the aminopep- 
tidase. Moreover, even p-amino acid amides do not inhibit the enzyme 
(7), presumably because of their inability to interact with amino and R 
groups simultaneously. Indeed, it now becomes apparent why metal ions 
with weak chelating properties are commonly concerned in enzyme reac- 
tions. Strongly chelating ions, which have a high affinity for free amino 
acids, would be inhibited by the products of the reaction. In addition, as 
Klotz and Ming (37) have correctly noted, the weak metal ions have open 
coordination positions at pH 8 to 9, whereas the strongly chelating ions do 
not. 

Application of the above formulation to the specificity of leucine amino- 
peptidase with respect to various types of substrates follows readily. For 
various amino acid amides, the main differences in rate of hydrolysis will 
relate to the size and to the hydrophobic or hydrophilic character of the R 
group. In addition, the pK value of the amino group will determine the 
effective concentration of the substrate, since this group must be un-ionized. 
The relatively slow or negligible hydrolysis of compounds with B-sub- 
stituents isoleucinamide, valinamide, and tertiary leucinamide, and of the 
compound with an a substituent, a-aminoisobutyramide, must be ascribed, 
as already pointed out (7), to the resistance of these compounds to hydroxy] 
ion catalysis, presumably because of steric interference by these groups. i 

It is noteworthy that the aminopeptidase attacks aliphatic compounds s 
more rapidly than aromatic compounds, in contrast to other proteolytic n 
enzymes, e.g. carboxypeptidase (2, 23) and chymotrypsin (23), in which the a 
reverse situation is found. This factor must relate to differences in the 4 
sites on the respective proteins where the R group interaction occurs. It — i] 


We 
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may be pointed out that carboxypeptidase is relatively rich in tyrosine and 
phenylalanine (42) and the tryptophan content of chymotrypsin is among 
the highest recorded for proteins (43). In contrast to these enzymes, 
except for the ubiquitous aspartic and glutamic acids, the aminopeptidase 
is richest in leucine (3). This correlation may be only a coincidence; yet 
the R group affinity may well depend on clusters of groupings of appro- 
priate structure on the surface of the protein and, if present in large enough 
amount, will be reflected in the gross amino acid composition. 

Since none of the dipeptides studied thus far (Table VII) is hydrolyzed 
more rapidly than the amino acid amides, the same mode of interaction 
may be applied to these compounds. The carboxyl group in these pep- 
tides does not appear to have any significant influence. The rates of 
hydrolysis of the histidyl compounds indicate that these compounds be- 
have like the analogous aromatic compounds; at pH 9, the imidazole group 
is, of course, un-ionized and essentially hydrophobic in character. 

Extension of the picture which has been presented for leucine amino- 
peptidase to other metal peptidases follows very simply. In particular, 
for the specific dipeptidases prolidase (13), iminodipeptidase (28), and 
others, the requirement for free carboxyl, as well as amino and R groups, 
makes the chelation hypothesis even more attractive, since interaction of 
substrate and metal ion can occur through amino and carboxy] groups prior 
to interaction with the peptide nitrogen. (For these enzymes also, the R 
groups are assumed to interact with the protein.) The added interaction 
of the carboxyl group is presumably of prime importance in the formation 
of the enzyme-substrate complex in these cases; this is simply another way 
of describing the specificity of these enzymes as dipeptidases. 

Najjar (44) has suggested that for some metal-activated enzymes the 
metal ion may form a complex first with the substrate, in which case the 
metallo-substrate complex is the true substrate. Although this interpreta- 
tion may certainly be valid for some enzyme systems, it is difficult to see 
how it applies for such enzymes as leucine aminopeptidase. Two major 
points may be noted, the first being, as already mentioned above and par- 
ticularly emphasized by Klotz (36, 37), that the ability of Mg** and Mnt+* 
to form a complex with a substrate like leucinamide is almost negligible. 
From the view-point given earlier, it is the interaction of the R group which 
is of major importance in the initial formation of the metalloenzyme-sub- 
strate complex. Secondly, the relatively slow activation of the enzyme by 
metal ions and the effect of prior incubation are not explained by assuming 
an initial metallo-substrate complex. Although the time of activation has 
been found to change on purification of the enzyme, as noted above, it is 
important to recall the marked effect of metal ion concentration on rate 
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of activation of the enzyme. Malmstrém (19) has pointed out that for 
enolase, also, the primary reaction of the metal ion appears to be with the 
enzyme and not with the substrate, as judged by kinetic measurements. 


SUMMARY 


1. The highly purified leucine aminopeptidase obtained from swine kid- 
ney has been studied with respect to its combination with Mn*+ and Mg++. 
The rate and extent of combination are a function of the metal ion and its 
concentration. The stability of the active enzyme also depends on the 
nature of the metal and its concentration. 

2. The extent of activation by Mn* or Mg** is in accord with the mass 
law equation for the combination of one metal ion in each active center of 
the enzyme. 

3. The enzyme is strongly inhibited by Versene and citrate and is unaf- 
fected by iodoacetamide, p-chloromercuribenzoate, or diisopropyl fluoro- 
phosphate. 

4. The activity of the enzyme as a function of pH has been studied and 
interpreted on the basis of the stability and formation of the metal ion- 
protein complex. 

5. The specificity of the enzyme has been studied with a variety of 
amino acid amides, peptides, etc. The enzyme has no action on substrates 
of other proteinases or peptidases found in swine kidney, indicating a high 
degree of enzymatic homogeneity. 

6. The specificity and mode of action have been discussed in terms of 
the hypothesis that the réle of the metal ion is to form a ternary chelate 
complex with protein and substrate. 
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THE INHIBITION OF TRYPSIN 
Il. THE EFFECT OF SYNTHETIC ANIONIC DETERGENTS* 
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(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 
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Although many examples of protein-detergent interaction have been 
documented in the literature (1), comparatively few studies have been 
made relating to the effect of synthetic detergents on pure enzyme systems. 
The inactivation of catalase (2), pepsin (3, 4), and succinoxidase (5) by 
detergents is presumably due to the well known denaturation of proteins 
by surface-active agents first reported by Anson (6). On the other hand, 
Marron and Moreland (7) could find no significant effect of a commercial 
detergent on the activity of phosphatase, urease, and tyrosinase. Bodine 
and Hill (8) have, in fact, reported that certain anionic detergents are capa- 
ble of activating protyrosinase by effecting its conversion to tyrosinase. 

In an attempt to elucidate certain aspects of this problem of enzyme- 
detergent interaction, a study was made of the effect of several synthetic 
anionic detergents on the enzymatic properties of crystalline trypsin. 


EXPERIMENTAL 
Materials 

The trypsin employed was a twice crystallized product containing 50 per 
cent MgSO, purchased from the Worthington Biochemical Sales Company, 
Freehold, New Jersey. Experiments with a lyophilized preparation, ren- 
dered salt-free by dialysis, gave essentially the same results as those re- 
ported below. 

Potassium octyl sulfate, sodium decyl sulfate, and sodium dodecy] sulfate 
were prepared from appropriate alcohols (Eastman grade) by the method 
of Dreger et al. (9). Potassium octylbenzene sulfonate and sodium decyl- 
benzene sulfonate were synthesized from benzene and the appropriate 
fatty acids (Eastman grade) by the procedure of Paquette et al. (10). The 
latter was modified by substituting the Wolff-Kishner reduction (11) for 


* Paper $213, Scientific Journal Series, Minnesota Agricultural Experiment Sta- 
tion. 

t Visiting investigator from the Indian Institute of Science, Bangalore, India. 
Partial financial support from the J. N. Tata Endowment Fund is gratefully ac- 


knowledged. 
301 


| 


302 INHIBITION OF TRYPSIN BY DETERGENTS 


the suggested Clemmensen method in order to obtain the desired hydro- 
carbon. 


Methods 


All solutions of the reactants were prepared in 0.05 m borate buffer, pH 
7.7. A fresh stock solution of trypsin was prepared prior to each run, and 
the concentration of trypsin protein (mg. per ml.) was determined spectro- 
photometrically with a conversion factor of 0.585 (12). The desired tryp- 
sin concentration was obtained by suitable dilution of the stock solution. 
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Kia. 1. The effect of alkyl sulfates on tryptic activity. O, potassium octyl] sul- 
fate; X, sodium decyl sulfate; @, sodium dodecy! sulfate. 


To 1 ml. of enzyme solution containing 60 y of trypsin was added an 
equal volume of detergent solution of varying concentration. After an 
incubation period of 10 minutes at 37°, tryptic activity was determined by 
the casein digestion technique of Kunitz (13) in which the absorbance of 
the deproteinized filtrate is measured at 280 mu. Since a curve relating 
absorbance to trypsin concentration was linear up to a level of 60 7, tryptic 
activity has been expressed as the relative activity compared to the activity 
of 60 y of trypsin taken as 1.0. 


Results 
Effect of Detergent-Protein (D:P) Weight Ratio on Tryptic Activity 


The effect of the three alkyl] sulfates employed in this study on trypsin 
activity is presented in Fig. 1. Potassium octyl sulfate produced only slight 
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inhibition at a I:P ratio of 40, whereas sodium decyl sulfate was mod- 
erately inhibitory at the same ratio. Sodium dodecyl] sulfate caused com- 
plete inactivation of the enzyme at a D:P ratio of 20. It appears that 
the inactivation of trypsin by alkyl sulfates is enhanced by increasing the 
length of the hydrocarbon chain. This observation is in general agreement 
with a report by Peck (14) that the longer chain soaps were more effec- 
tive inhibitors of trypsin. 
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Fig. 2. The effect of alkvlaryl sulfonates on trypsin activity. O, sodium deeyl- 
benzene sulfonate (DBS); X, potassium octylbenzene sulfonate. An enlargement of 
that portion of the DBS curve pertaining to D:P weight ratios helow 5 is shown in 
the inset. 


In Fig. 2 are presented the results obtained with the alkylaryl sulfonates. 
The most striking feature of these curves is the presence of two distinct 
points of trypsin inactivation, between which exists a region in which an 
appreciable fraction of the original activity is retained, 70 per cent and 20 
per cent for decylbenzene and octylbenzene sulfonate respectively. (For 
convenience, the latter segment of the curve will be referred to as the region 
of “reactivation,” although, as will be shown later, this term is not strictly 
correct.) In the case of octyl benzene sulfonate, the two points of inactiva- 
tion occur at D:P ratios which are much greater than the corresponding 
first and second points of inactivation by decylbenzene sulfonate. This 
again may be a reflection of the greater inactivating influence of the longer 
‘arbon chain. The appearance of a zone of “reactivation”? when trypsin in- 
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teracts with an alkylaryl sulfonate in certain critical proportions prompted 
a further investigation into this curious effect.!. For this purpose sodium 
decylbenzene sulfonate was employed and will hereafter be referred to as 
DBS. 

Effect of Divalent Cations—Since it has been shown that certain divalent 
cations such as Ba** can regenerate the protein which has been bound as a 
detergent-protein complex (15), it was of interest to study the effects of 
Bat and Ca** on the observations with DBS described above. Four levels 
of DBS were chosen to give D:P ratios of approximately 1, 3, 5, and 50, 
corresponding to Points A, B, C, and D, respectively, in Fig. 2. Exposure 
of trypsin to DBS for 5 minutes was followed by the addition of 0.02 m 


TaBLeE I 
Effect of Bat** and Ca** on Trypsin-DBS Interaction 

1 ml. of solution containing 60 y of trypsin was treated with 1 ml. of solution con- 
taining various amounts of DBS to give the D:P weight ratios shown in the first 
column. After 5 minutes, 1 ml. of 0.02 m BaCl. or CaCl. (or buffer as a control) 
was added and the tryptic activity was determined after 5 minutes. The figures 
shown in the table represent relative activity. All the solutions were in borate 
buffer, pH 7.7; temperature, 37°. 


D:P weight ratio Buffer Ba*t | Ca** 
0 1.00 0.95 1.05 

1.1 0.90 0.85 0.92 

3.2 0.02 0.02 0.01 

5.3 0.60 0.05 0.08 

53.3 0.01 0.04 0.01 


BaCle or CaCle, as described in Table I. These data show that Bat+ and 
Ca** were unable to restore the activity of trypsin partially or totally 
inactivated at Points A, B, and D.2. However, the addition of these cations 
to the “reactivated” trypsin system at Point C rendered this system essen- 
tially inactive. Whether this inactivation is due to the partial or complete 
removal of bound detergent cannot be decided from these data. The 
possibility that inactive trypsin, once formed, may exist even after the 
complete removal of detergent cannot be excluded. 


1 Studies with larger amounts of enzyme and DBS gave results which were quali- 
tatively similar to those shown in Fig. 2, except that the D:P ratios necessary to 
produce the various effects described above were somewhat lower. Thus with 5 mg. 
of trypsin the initial point of inactivation occurred at a D:P ratio of 0.3, and ‘‘reac- 
tivation’’ was obtained at a D:P ratio of 1.0. 

2 In experiments not reported here, it has been shown that Batt and Catt will not 
reverse the inactivation of trypsin by sodium dodecyl sulfate. 
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Delayed or Stepwise Addition of DBS—If the conversion of active trypsin 
at Point C to inactive trypsin at Point B is assumed to be the result of the 
partial removal of detergent by Batt or Ca**, it appeared possible to re- 
verse this process, that is to reactivate trypsin, by adding detergent to a 
system with an initial D:P ratio of 3. To complete the picture, this 
study was extended to include the systematic stepwise addition of various 
amounts of DBS to trypsin systems initially exposed to DBS at D:P ratios 
ranging from 1 to 5. The enzyme was treated with appropriate concen- 
trations of DBS for 5 minutes, followed by a second addition of detergent. 


TaBLe II 
Delayed or Stepwise Addition of DBS to Various Trypsin-DBS Systems 

1 ml. of solution containing 60 y of trypsin was treated with 1 ml. of solution con- 
taining various levels of DBS to give D:P weight ratios shown in the column head- 
ings. After 5 minutes, 1 ml. of solution containing the levels of DBS in the first 
column was added. Trypsin activity was determined after 5 minutes. The figures 
in the table represent relative activity. All the solutions were in borate buffer, pH 
7.7; temperature, 37°. 


Initial D: P weight ratio 
DBS added after 
5 min. 
0 1.1 1.6 | 2.1 | 3.2 5.3 

Y 
0 1.00 0.88 0.67 0.40 0.05 0.70 
64 0.88 0.78 0.52 | 0.32 0.05 0.67 
128 0.40 0.35 0.06 0.05 0.05 0.70 
192 0.04 | 0.05 0.06 0.11 0.05 0.68 
256 0.23 . 0.22 0.33 0.24 0.05 | 0.69 
0.50 0.34 0.05 0.69 


Tryptic activity was measured 5 minutes after adding the second quantity 
of detergent. 

From the data presented in Table IT, it would appear that, when trypsin 
is initially treated at D:P ratios less than 3, the subsequent addition of 
graded levels of DBS produces the same general pattern of inactivation, 
followed by “reactivation” portrayed in Fig. 2. The extent to which enzy- 
matic activity could be restored by the highest level of detergent employed 
(320 7), however, decreased roughly in proportion to the activity remaining 
after initial treatment with detergent. At an initial D:P ratio of 3 at 
which the activity has been reduced to essentially zero, the delayed addi- 
tion of excess detergent was completely ineffective in restoring activity. 

These data may be interpreted to indicate that the activity apparent in 
the curve between Points B and C in Fig. 2 (where the D:P ratio ranges 
from 3 to 5) is not strictly a regeneration or “reactivation” of previously 
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inactivated enzyme. Rather, this display of activity arises directly from 
the action of the detergent upon the original enzyme without passing 
through an intermediate inactive stage. 

The addition of 320 y of DBS to trypsin systems having an initial D:P 
ratio of 5 did not cause any appreciable change in activity. This is due to 
the fact that the final D:P ratio thus produced is approximately 10, which 
is still within the region where considerable activity is retained. 

Stability of Trypsin in Presence of DBS- -Trypsin is known to undergo 
autolysis at a rate which depends upon such factors as temperature, pH, 
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Fic. 3. Autolysis of trypsin at 37° in the presence and absence of DBS. O, D:P 
= 5; X&.D:P = 0; D:P = 1.5. Initial activity at zero time = 100 per cent. 


concentration of enzyme, and the presence or absence of calcium ions (12, 
16, 17). Pertinent to the present investigation was the question of the 
stability of trypsin in the presence of DBS, particularly at D:P ratios 
above and below 3. Trypsin and DBS were mixed to give D:P ratios of 
Q, 1.5, and 5, and the activity was determined at various intervals of time 
over a period of 33 hours at 37°. The course of autolysis under these 
conditions is shown by the curves in Fig. 3. 

Trypsin treated with DBS at a D:P ratio of 5 did not undergo any loss 
in activity throughout the entire period of exposure. During this same 
period, trypsin in buffer alone or at a D:P ratio of 1.5 had lost most of its 
initial activity. The rate of autolysis at a D:P ratio of 1.5 was somewhat 
faster than for the untreated enzyme. The latter difference may perhaps 
be attributed to the presence of significant amounts of inactive or denatured 
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trypsin at zero time in the detergent-treated system which would then 
favor more rapid autolysis (18). 


DISCUSSION 


The inactivation of trypsin by alkyl sulfates appears to be a process 
which bears a straightforward relationship to the concentration of the de- 
tergent and the length of the hydrocarbon chain. With the introduction 
of an aryl group into the detergent molecule, however, this relationship 
becomes considerably more complex. With DBS there exists a rather 
critical D:P ratio of 3, below which increasing concentrations of detergent 
produce progressive inactivation of the enzyme, and above which increas- 
ing concentrations result in the retention of a maximum of 70 percent of the 
original activity. Still higher concentrations of detergent again inactivate 
trypsin. 

As a tentative explanation for these observations, it is suggested that the 
activity observed below this critical D:P ratio is due to that portion of the 
original enzyme which has not been inactivated by the detergent, whereas 
the activity noted at D:P ratios exceeding this critical ratio is due to an 
active trypsin-detergent complex. That the latter form of trypsin differs 
in several important aspects from the original enzyme molecule may be 
deduced from the following lines of evidence. 

Trypsin which is active above the critical D:P ratio is readily inacti- 
vated by Ba** or Cat*, whereas these divalent cations have no effect on 
trypsin activity noted below this critical ratio. 

Trypsin present at D:P ratios below the critical ratio undergoes inacti- 
vation, followed by a retention of a portion of its original activity when 
subsequently treated with graded levels of DBS. The activity of trypsin 
at a D:P ratio exceeding the critical ratio is not affected by delayed treat- 
ment with the same levels of DBS. 

Trypsin in a system having a D:P ratio below the critical value under- 
goes rapid autolysis compared to trypsin existing above this critical ratio, 
which is remarkably stable. 

The experimental evidence discussed above may be conveniently sum- 
marized by schematic representation shown in Fig. 4, where £ is the origi- 
nal trypsin molecule which is completely converted to an inactive form, F;, 
when D:P = 3, F’ is an active enzyme-detergent complex produced in all 
or none fashion when D:P = 5 to 10, and £;’ represents an inactive form 
of trypsin produced by large excesses of detergent which may or may not 
be identical to /;. As demonstrated by the stepwise addition of the de- 
tergent, /; cannot be an intermediate in the formation of /’, although the 
latter reverts to /; in the presence of Ba** or Ca**. 

The hypothesis that trypsin can exist in several complexes, depending on 
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the relative proportions of detergent and protein which interact, bears a 
certain analogy to the series of complexes which is formed when detergents 
are bound by such proteins as serum albumin (19-21) and egg albumin (22). 
i; may represent the primary complex formed by the binding of small 
quantities of detergent by sites possessing the highest binding energies. 
The formation of this complex may involve some ill defined structural 
change leading to an irreversible loss in activity. /’ may be visualized as 
a second complex produced in an all or none fashion by the further binding 
of detergent on a second series of sites of lower binding energy. The 
presence of a detergent on these secondary sites somehow preserves the 
enzymatic activity of the molecule. If the detergent is removed from these 
sites by calcium or barium ions, the enzyme comes under the inactivating 
influence of the initially bound detergent. If, as has been suggested (18), 
preliminary denaturation is involved in the autolysis of trypsin, the sta- 
bility of this second complex may be similar to the protective effect against 
denaturation which surface-active agents are known to exert on serum 


E D/P=3$ E; Ba++ or Ca++ 0/P=5Q E; 
0/Ps5-10 


Fic. 4. Schematic representation summarizing the experimental evidence. See 
the text for an explanation. 


albumin (23). The formation of EF,’ in the region of extreme detergent 
excess is probably the result of a further disorientation of the trypsin 
molecule, accompanied by a loss in activity. 


An evaluation of the quantitative significance of these data has not been 
attempted in view of the paucity of information concerning the exact num- 
ber of basic groups on the trypsin molecule available for electrostatic 
interaction with anionic detergents. Corroborative physical evidence 
must be sought before more definite conclusions are warranted. 


SUMMARY 


The effect of five synthetic anionic detergents on the proteolytic activity 
of crystalline trypsin has been studied. Trypsin was inactivated by alkyl 
sulfates in the following order of increasing effectiveness: potassium octyl 
sulfate, sodium decyl] sulfate, and sodium dodecyl sulfate. Depending on 
the relative proportions of detergent and enzyme which interact, potassium 
octylbenzene sulfonate and sodium decylbenzene sulfonate displayed two 
points of inactivation between which an appreciable portion of the original 
activity was retained. Enzymatic activity in the latter region, though 
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highly resistant to self-digestion, was readily lost upon the addition of Bat* 
or Cat+*+. The theoretical implications of these observations were discussed 
in relation to what is known of protein-detergent interactions. 
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THE CONVERSION OF ACETATE-2-C" TO GLYCINE BY 
CELL SUSPENSIONS OF THE GARDNER 
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Houston, Texas) 
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Free glycine occurs at high concentrations in lymphosarcomas (1) and 
certain embryonic tissues (2). This is of obvious interest in connection 
with the réle of glycine as a precursor of proteins, purines, porphyrins, ete. 
(3). The experiments of Christensen and collaborators (4) showed that 
certain rapidly growing tissues possessed an unusual ability to concentrate 
this amino acid. However, the question may also be raised as to whether 
some tissues manifest an enhanced ability to form glycine from certain pre- 
cursors. 

It has been established that glycine carbon may be derived from a va- 
riety of sources. Serine (5), choline, betaine (6), and glycolate (7) are 
particularly effective as glycine precursors. Glycine may also be formed 
from ethanolamine (8, 9) and dimethylethanolamine (6), possibly by way of 
the above mentioned metabolites. The essential amino acid, threonine, 
may be degraded to glycine and acetate by liver (10). Finally, by means 
of experiments in vivo, Arnstein and Neuberger (11) have demonstrated 
that some of the methyl carbon of glycine is derived from acetate-2-C"™ 
in the rat and Anker (12) has observed a transformation of carbonyl- and 
carboxyl-labeled pyruvate to a- and carboxyl-labeled glycine in the same 
animal. 

In this paper, evidence is presented to show that glycine is formed from 
acetate-2-C™ by cell suspensions of the Gardner lymphosarcoma. The 
conversion is apparently of quantitative significance, since as much radio- 
activity was found in glycine as in glutamic or aspartic acid. The ca- 
pacity of other tumors and various normal tissues to effect this transforma- 
tion was also investigated. In contrast to the Gardner lymphosarcoma, 
some glycine formation by the other tissues was detectable, but the ratio 
of radioactivity of glycine to that of the dicarboxylic amino acids was low. 


Methods 
Adult animals fed Purina chow ad libitum were used in these experi- 


ments. Normal tissues were from non-tumor-bearing animals. Non-ne- 


* This work was supported in part by grants from the American Cancer Society 
and the National Cancer Institute, National Institutes of Health. 
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crotic tumor samples were as follows: hepatoma 98/15 and Mecca or 
Gardner lymphosarcoma, 30 to 45 and 12 to 14 days, respectively, after 
subcutaneous transplantation, and the Ehrlich ascites tumor, 7 to 10 
days after intraperitoneal inoculation. Cell suspensions were prepared 
from rat thymus, rabbit appendix, mouse spleen, and the lymphosarcomas 
as previously described (13). The Stadie-Riggs microtome was used for 
slicing the hepatoma, liver, and kidney. In experiments with mouse dia- 
phragm, two diaphragms were used per experimental flask. Tissues were 
excised as rapidly as possible and chilled at 4° until ready for use. 
Incubations were carried out in Warburg vessels for 90 minutes at 38° 
in an atmosphere of air for the cell suspensions and oxygen for the slices. 
Each of the duplicate flasks contained 15 ymoles of acetate-2-C™ (76,000 
c.p.m. per umole), 100 to 200 mg. wet weight of tissue, and modified Krebs- 
Ringer-phosphate buffer (13) to make a final volume of 2.45 cc. The ex- 
periments were terminated by the addition of trichloroacetic acid. Res- 
piratory C4O, was absorbed by the KOH in the center cells of the Warburg 
vessels and precipitated as BaCO;. A detailed description of the process- 


ing of the acid-soluble fraction in order to obtain the non-conjugated amino | 


acids free from contaminating radioactivity has been published (14). The 
general procedure is summarized in the next section. 


Amino acids were determined by quantitative paper chromatography as 3 


previously described (1). Radioactivity was assayed by means of a Trac- 
erlab gas flow counter and scaler, each sample being counted for at least 
2000 counts. Acetate-2-C was purchased from Tracerlab, Inc., on allo- 
cation from the Atomic Energy Commission. 


RESULTS AND DISCUSSION 


Identity of Radioactivity with Glycitne—After cell suspensions of various 
lymphatic tissues were incubated with acetate-2-C"™, considerable radioac- 
tivity was found in the free amino acids. This was almost entirely at- 
tributable to glutamic and aspartic acifis of the normal tissues, but, in the 
case of the Gardner lymphosarcoma, significant radioactivity was observed 
in a compound presumed to be glycine (Fig. 1). In view of the sensitivity 
of the isotope method, it was deemed of importance to establish definitely 
that the radioactivity was indeed due to glycine and not to a contaminant 
having the same FP, value in this solvent system. The following points 
may be offered in evidence. 

(a) The amino acid fraction was separated from the acetate substrate, 
other anions, and neutral substances by adsorption on a Dowex 50 (H) ion 
exchange resin. After washing the resin with HCl and water, the amino 
acids were eluted with NH,OH. Two-dimensional paper chromatograms 
were prepared with phenol-water and lutidine-water as the solvents. Ra- 
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dioactive areas were located by means of radioautograms (Fig. 1) and the 
radioactivity was eluted from the paper. The radioactivity of the glycine 
spot coincided with the ninhydrin color. 

(b) The radioactivity persisted at this spot when the paper chromato- 
grams were prepared from extracts which had been hydrolyzed with 6 N 
HCl in sealed tubes prior to chromatography, or when the papers were 
treated with peroxide. This contraindicates possible contamination from 


GARDNER LYMPHOSARCOMA 7 RAT THYMUS 


“PROL 


Fig. 1. Conversion of acetate-2-C"™ to amino acids by lymphatic cell suspensions. 
Radioautogram of free amino acids of lymphatic tissues after incubation with ace- 
tate-2-C™, Glu = glutamic acid, Asp = aspartic acid, Glyc = glycine, Prol = pro- 
line, X = unknown. Solvents for paper chromatograms, phenol-water and lutidine- 
water. 


asparagine, the Ry of which is similar to that of glycine in this solvent sys- 
tem, or the presence of impurities which are easily oxidizable. 
&. (c) Contamination by amines other than a-amino acids was excluded by 
treating some chromatograms with cupric carbonate according to the pro- 
cedure of Crumpler and Dent (15). After this test, the radioactivity was 
found only in the area of the paper which had been treated with copper 
carbonate. 

(d) To the presumed glycine (8200 ¢.p.m.) was added | mmole of glycine 
‘arrier. The acetylglycine derivative was prepared (16) and twice recrys- 
tallized (m.p. 207-209°). The recrystallized derivatives contained 6200 
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and 7200 ¢.p.m. per mmole, respectively. The acetylglycine was hydro- 
lyzed with HCl and the glycine degraded by means of the ninhydrin reae- 
tion (17). The carboxyl group was assayed for radioactivity as BaCO, 
and the methylene group as methylenebismethone (18). 85 per cent of the 
radioactivity was attributable to the a-carbon of glycine. 

(ce) Glycine from protein hydrolysates of the tumor contained low but 
significant radioactivity. 

Comparison of Conversion by Gardner Lymphosarcoma with Other Tis- 
sues—As mentioned previously, rat thymus, rabbit appendix, and mouse 
spleen converted relatively little acetate to glycine. It was of interest to 
ascertain whether other normal tissues were equally limited with respect 
to this process, and, on the other hand, whether the ability to form glycine 
from acetate Was a general property of tumors. Experiments were there- 
fore carried out with mouse liver, kidney, hepatoma, and diaphragm slices, 
and with the Ehrlich ascites carcinoma and Mecca lymphosarcoma. 

Table I shows that mouse kidney and diaphragm tissues and rabbit ap- 
pendix cells oxidized acetate-2-C™ to C'Q, and converted this substrate to 
dicarboxylic amino acids. As reported previously (14), rat thymus and 
mouse spleen also utilize exogenous acetate effectively. The Mecca lym- 
phosarcoma, Ehrlich carcinoma, and hepatoma 98/15, however, oxidized 
acetate rather poorly and less radioactivity was converted to the amino 
acids. Mouse liver slices manifested an intermediate behavior. 

Since no spot due to radioactive glycine was observed on radioautograms 
exposed for 3 weeks, the papers were sprayed lightly with 0.025 per cent 
ninhydrin in ethanol in order to locate the glycine and this amino acid was 
eluted from the paper and assayed for radioactivity as before. Total ra- 
dioactivity Was very low, amounting to 1 to 5 per cent of the glutamic acid 
radioactivity. In most cases, the radioactivity due to glycine was also a 
small fraction of that due to aspartic acid. Liver was an exception, since 
very little radioactivity was found in the free aspartic acid of that tissue. 
This is in agreement with experiments reported by Katz and Chaikoff (19) 
who, in addition, stated that little or no activity was observed in liver gly- 
cine. It will be noted that in the present series of experiments, the spe- 
cific activity of glycine was a fraction of that of the other amino acids. 

The Gardner lymphosarcoma utilized exogenous acetate moderately well 
but in contrast to the other tissues; the total radioactivity due to glycine 
Was as great as that due to aspartic and glutamic acids. Since this tissue 
contains high levels of glycine, the specific activity of the glycine was one- 
tenth that of the dicarboxylic amino acids, but, nevertheless, 2 times or 
more that of glycine of the other tissues. Total Gardner tumor glycine 
exceeded that of the other tissues by a factor of 8 or more. 

The question arose as to whether more glycine radioactivity could be 
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“trapped” by the addition of inert glycine to the incubation medium. 
This possibility was tested in a number of instances with 3 wmoles of car- 
rier glycine added per flask. Glycine radioactivity was increased by this 
procedure (Table I), but it was still but a fraction of that found in tumor 
glycine in the absence of carrier. 

It would appear, therefore, that the acetate to glycine conversion occurs 
in all of the tissues which were studied. In the Gardner lymphosarcoma, 


TABLE I 
Conversion of Acetate-2-C'4 to Amino Acids and Oxidation to 
Total radioactivity, c.p.m. Specific 
Tissue | Glycine ao x 10? 
carrier Carrier* 

Diaphragm 

C3H 5,000 | 1,400 65 90 | 15,000 | 18,000 140 4.2 

Ak 5,900 | 1,200 70 200 | 16,000 |} 9,000 200 4.4 
Kidney 

C3H 12,000 | 1,000 130 280 | 27,000 | 10,000 240 2.8 

Ak 7,700 | 1,200 200 510 | 82,000 T 490 5.5 
Liver 

Ak 1,700 160 60 120 9,400 | 1,300 180 1.5 
Rabbit appendix 48,000 12,000, 390 445 | 67,000 | 43,000 800 5.1 
Ehrlich tumor 970 420 10 29 7,900 | 1,700 8 0.1 
Mecca tumor 680 | 1,200 32 15,000 | 24,000 100 0.7 
Hepatoma 110 32 4,700 T 150 0.3 
Gardner tumor : 2,000 2,300 3100 14,000 | 17,000 | 1700 2:7 


*3 umoles of glycine were added at the start of the incubation. 


+ Too little aspartate present to determine specific activity. 


however, relatively more acetate carbon is directed along the metabolic 


pathway which leads to glycine. 


active in this respect, they also oxidized acetate rather poorly. 
conceivable that some of the steps in the conversion of acetate to glycine 
are the same as those involved in the oxidation to COz, conclusions are not 


warranted. 


Although the other tumors were not as 


As it is 


It is hoped that further experiments with the Gardner tumor will throw 
Arnstein and Neuberger (11) and 
Anker (12), in interpreting their work, favored a reaction sequence involv- 
ing pyruvate and serine as intermediates. 
formed in this way. Nevertheless, there is doubt as to whether this mech- 


light on the mechanisms involved. 


It is possible that glycine is 
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anism is the only one involved. It is known that lactate, and hence prob- 
ably pyruvate, are in rapid equilibrium with alanine in this tumor (20). 
Yet, no evidence of radioactivity due to alanine was noted on the radio- 
autograms (Fig. 1). One would assume that alanine would have more 
radioactivity if pyruvate were an intermediate. It may be added that the 
concentration of endogenous alanine is of the same order of magnitude as 
glycine in this tissue (1). 

We have observed some radioactivity in tumor glycine after incubations 
with succinate-2-C™%. An interpretation here is rendered difficult, however, 
since exogenous succinate is not utilized as well by this tissue as is acetate 
(14). The observation is of interest in connection with the suggestion of 
Shemin (3) that an intermediate of the tricarboxylic acid cycle might be a 
glycine precursor. 


The author is indebted to Sue Curnutte and Odette Graham for pains- 
taking technical assistance, and to Dr. Albert J. Dalton of the National 
Cancer Institute for mice bearing hepatoma 98/15. 


SUMMARY 


Cell suspensions of the Gardner lymphosarcoma convert acetate-2-C" to 
glycine-2-C'. Total radioactivity due to glycine was as great as that due 
to the dicarboxylic amino acids. The conversion was also studied with 
mouse kidney, diaphragm, liver, and hepatoma slices, and rabbit appendix, 
rat thymus, mouse spleen, Ehrlich carcinoma, and Mecca lymphosarcoma 
cells. Total radioactivity due to Gardner tumor glycine exceeded that of 
the other tissues by a factor of 8 or more, while the specific activity was 2 or 
more times that of the other tissues. Although not unique to the Gard- 
ner tumor, this metabolic pathway would appear to be of greater metabolic 
significance in that tissue. 
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INHIBITION STUDIES WITH PYRIMIDINES ON 
STREPTOCOCCUS FAECALIS R* 


By HARRY 8. PULESTON,t CHARLES F. POL, ann NORMAN F. WITT 


(From the College of Pharmacy and the Department of Chemistry, University 
of Colorado, Boulder, Colorado) 


(Received for publication, March 22, 1954) 


The concept of competitive antagonism between metabolites and struc- 
turally related “antimetabolites,” first enunciated by Woods and Fildes 
(1-3), has been firmly established through experimental work which has 
been adequately treated in several reviews (4-8). The growth-promoting 
properties of pyrimidines, nucleotides, and nucleosides have been studied 
by a number of authors, and Hitchings and coworkers (9-12) have reported 
extensive studies on the relationships between the chemical structure and 
the rdle of pyrimidines and related substances in the biosynthesis of de- 
rivatives of nucleic acid by Lactobacillus caset. 

We are reporting herein the results obtained in a study of the biological 
effects of natural and synthetic pyrimidines on Streptococcus faecalis R 
(ATCC 8043). In instances in which pyrimidines caused inhibition, we 
proceeded to ascertain whether this inhibition could be reversed by struc- 
turally similar compounds, including several natural pyrimidine bases of 
the nucleic acids. 


Methods and Procedures 


The medium used was that proposed by Luckey, Briggs, and Elvehjem 
(13). The medium was prepared fresh for each experimental study, and 
the pH was adjusted to a value of 7.0 to 7.2. 5 ml. amounts of the basal 
medium were added to a series of Klett-Summerson tubes. Different 
amounts of the compound being tested were added to these tubes, and the 
volume of each tube was adjusted to 6 ml. with distilled water. The tubes 
were plugged with cotton and autoclaved for 15 minutes at 15 pounds 
pressure. Different pyrimidines were added separately to the basic me- 
dium at several concentrations ranging from 0.0 to 100.0 y per ml. 

An inoculum was prepared from the culture of S. faecalis R. The bac- 
terial cells were centrifuged at 1500 r.p.m., washed with sterile distilled 
water, centrifuged again, and finally suspended in 20 ml. of sterile distilled 
water. 1 drop of this suspension was added aseptically to each tube. A 


* The research reported herein was completed under contract No. AT (29-1)-787 of 
the Atomic Energy Commission. 
+ Predoctoral Fellow of the Atomic Energy Commission. 
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blank reading was taken in the Klett-Summerson photoelectric colorimeter. 
The inoculated tubes were incubated at 30° for 16 hours, then shaken, and 
the turbidity of each tube was read in the colorimeter. The blank readings 
then were subtracted from the 16 hour readings, and this figure was taken 
as a measure of the relative growth of the bacteria in each tube. 

The synthetic pyrimidines used in this investigation were prepared by 
other members of the Atomic Energy Project team at the University of 
Colorado.! 


TABLE I 
Inhibiting Effects of Some Synthetic Pyrimidines on S. Faecalis R 


Turbidity readings* 


inhibitor 
5-Aminouracil 5-Nitrouracil | 2-Thiouracil 5-lodo-2-thiouracil 

y per mil. 
0) .000 265 267 264 263 
0.001 265 266 265 263 
0.01 | 265 265 263 260 
0.10 | 262 265 253 255 
0.50 | 195 262 243 | 252 
0.67 | 118 260 236 | 250 
1.0 | 47 254 220 | 246 
10.0 22 | 222 | 120 | 230 
50.0 | 19 | 180 | 52 | 198 
100.0 | 18 | 46 ! 14 | 83 


* Readings at 16 hours (Klett-Summerson photoelectric colorimeter); the tur- 
bidity readings are roughly proportional to the amount of growth present. 


EXPERIMENTAL 


The growth curve of S. faecalis R was determined and was found to 
represent a normal growth curve. Growth was very slow for the first 10 
hours, with rapid growth from 10 to 18 hours. The turbidity readings and 
plate counts for periods from 10 to 18 hours were checked many times, and 
the 16 hour growth period was selected as a standard growth period for the 
remainder of the investigation. 7 

Twenty-five natural and synthetic pyrimidines were tested for their ef- 
fect on the growth of S. faecalis R. 

Addition of uracil, thymine, and cytosine to the medium had no effect 
on the growth of S. faecalis R. 

The following synthetic pyrimidines were found neither to stimulate nor 
to inhibit the growth of S. faecalis R when present in amounts from 0.001 
to 100.0 y per ml.: 5-chlorouracil, 5-bromouracil, 5-iodouracil, dihydroxy- 


1 Unpublished results from the Department of Chemistry, University of Colorado. 
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thymine, 6-methyluracil, 5-bromo-2-thiouracil, 5-iodo-6-methy1-2-thiouracil, 


barbituric acid, isobarbiturie acid, alloxan, arabinopyranosylcytosine, 
galactopyranosylceytosine, 2-methyl-4 , 6-dihydroxy-5-chloropyrimidine, 


280 '5-AMINOURACIL | 


TURBIDITY READINGS 


CONCENTRATION yg /ml, 


Fria. 1. Growth inhibition of S. faecalis R by 5-aminouracil and the effect of re- 
versing agents in overcoming inhibition. The growth curves for thymine and uracil 
were obtained in the presence of 10 7 of 5-aminouracil per ml.; those for cytosine and 
folie acid in the presence of 5 y of the inhibitor per ml. 


TABLE II 
Reversal of Inhibitory Effects of Some Synthetic Pyrimidines by Naturally Occurring 
Pyrimidines 
| | Concentration of reverser, y per ml. 
Concentra- 
Reverser Inhibitor 0.0 | 100 
Turbidity readings, 16 hrs. 
Uracil 5-Aminouracil 10 35 54 151 263 267 
Thymine 10 32 157 226 257 214 
Cytosine 5 52 52 53 60 106 
Uracil 5-Nitrouracil 100 4 | W 182 248 266 
Thymine 150 45 158 200 207 192 
Cytosine 50 52 56 | 57 80 194 
Uracil | 2-Thiouracil 20 57 | 260 | 264 | 267 265 
Uracil 5-Iodo-2-thiouracil | 120 76 | 233 | 240 | 255 | 261 
Thymine | | 120 | 78 | 20 | 240 | 235 | 192 
Cytosine 150 | 164 | 210 
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2-hydroxymethyl-4 ,6-dihydroxypyrimidine, 2-hydroxymethyl-4 ,6-dihy- 
droxy-5-chloropyrimidine, 2-hydroxymethyl-4 ,6-dihydroxy-5-ethoxypy- 
rimidine, and 6-methyl-2 ,4-dihydroxy-5-chloropyrimidine. 5-Iodo-2-ben- 
zylthiouracil in concentrations above 10 y per ml. showed a slight inhibition. 

Four of the pyrimidine analogues, 5-aminouracil, 5-nitrouracil, 2-thio- 
uracil, and 5-iodo-2-thiouracil, were distinctly inhibitory to growth of S. 
faecalis (Table I and Fig. 1). The inhibitory effects of all four compounds 
were prevented by additions of uracil; cytosine showed slight effects in the 
same direction, but only at higher concentrations. Thymine also effec- 
tively counteracted inhibitory effects of 5-aminouracil, 5-nitrouracil, and 
5-iodo-2-thiouracil, but was ineffective against 2-thiouracil. Folic acid was 
ineffective in all cases. Individual differences in the concentrations re- 
quired for reversals and in the completeness of reversal by these three 
naturally occurring pyrimidine bases are noted in Table IT and Fig. 1. 

Hitchings and coworkers (12) described the inhibiting action of 5-amino- 
uracil and 5-nitrouracil with LZ. caset. They used folic acid and thymine as 
reversers. Our results confirm their experimental results, except that in 
no instance did we find that folic acid showed a reversal effect. 


SUMMARY 


1. Twenty-five pyrimidines, synthetic and natural, have been tested for 
biological activity on Streptococcus faecalis R. Of these, five synthetic 
pyrimidines inhibited the growth of S. faecalis R. In order of their activity 
in suppressing growth, these were 5-aminouracil, 2-thiouracil, 5-nitrouracil, 
5-iodo-2-thiouracil, and 5-iodo-2-benzylthiouracil. 

2. The inhibition of growth by each of these compounds was reversed 
completely by uracil. ‘Thymine also was effective in reversal of inhibition 
except with 2-thiouracil. Cytosine showed partial reversal, but was much 
less effective than uracil. Folic acid was ineffective. 

3. The inhibitory effect of these pyrimidines on the growth of S. faecalis 
R seems to result from their antagonistic action toward synthesis or utiliza- 
tion of the pyrimidine bases of the nucleic acids in the cells, since the 
inhibitory action can be reversed by the addition of such pyrimidines. 
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LIGHT SCATTERING STUDIES ON HYALURONIC ACID* 


By T. C. LAURENTT anno J. GERGELY 


(From the Retina Foundation, Massachusetts Eye and Ear Infirmary and Department of 
Ophthalmology, Harvard Medical School, and from the Cardiovascular Research 
Laboratory, Department of Medicine, Massachusetts General Hospital and 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, June 16, 1954) 


Hyaluronic acid, an important constituent of the connective tissue of 
animals, is a polysaccharide containing equivalent amounts of N-acetyl- 
glucosamine and glucuronic acid. The degree of polymerization of purified 
hyaluronic acid, as determined by viscosity measurements, depends upon 
the source of the material and the method of preparation (1). Prepara- 
tions with the highest degree of polymerization have been obtained from 
umbilical cord. The variations in the degree of polymerization and the 
difficulties in obtaining hyaluronic acid free from proteins and other muco- 
polysaccharides have put certain limitations on physicochemical studies of 
this substance. 

Blix and Snellman (1) studied hyaluronic acid using the methods of 
streaming double refraction and viscometry. ‘Their estimate of the mo- 
lecular length for different preparations was 4000 to 10,000 A and that of 
the molecular weight, on the assumption that the molecule was a slightly 
coiled unbranched polymer, 200,000 to 500,000. Osmotic pressure meas- 
urements (2) gave values of 320,000 to 1,750,000 for the molecular weight. 

Because of its polyelectrolyte character hyaluronic acid has usually been 
studied in solutions of fairly high ionic strength, in which the electrostatic 
interaction and the hydration of the molecules are small. The viscosity of 
salt-free solutions of hyaluronic acid is considerably higher than that of 
solutions of an ionic strength of 0.1 (3). It has been suggested that the 
dielectric properties of salt-free solutions could be explained by a large 
hydration shell (4). 

This paper is a report on a light scattering investigation of a hyaluronic 
acid preparation from human umbilical cord. ‘The technique avoids errors 
due to shearing force, and it is possible to work at much lower concentra- 
tions than is the case with many other physicochemical methods. The 

* This investigation was supported in part by research grant No. B3824 from the 
National Institute of Neurological Diseases and Blindness and No. H1066(e) from 
the National Heart Institute, United States Publie Health Service. 

t Fellow of the National Council to Combat Blindness. 

t This work was carried out during the tenure of an Established Investigatorship 
of the American Heart Association, Ine. 
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work has been extended to solutions of low ionic strength, although the 
conclusions from the latter results are incomplete because of insufficient 
theoretical background. 


Methods 


Light scattering measurements were made with a Brice-Speiser instru- 
ment (Phoenix Precision Instrument Company (5)) at a wave-length of 
4358 A, and the angular distribution of the scattered light was measured 
between 35° and 135° with respect to the direction of the direct beam. The 
absolute calibration was checked by comparing the turbidity of a Ludox 
sample with its transmission in a Beckman DU spectrophotometer (6). 
Conical cells containing 35 to 70 ml. were used, the cells having been tested 
by measuring the fluorescence of fluorescein at intensities of about 10 times 
that of the water scattering (7). The fluorescence, after correction for the 
volume viewed, did not vary by more than +2 per cent between 35° and 
135°. For fluorescence intensity of about twice that of water scattering 
the error increased to +5 per cent. 

The buffer solutions were filtered through a millipore filter! into the cell, 
and the scattering of the buffer was measured. The samples, centrifuged 
at least six hours at 20,000 X g, were then pipetted into the cell containing 
the buffer under constant stirring with a glass-encased magnetic stirrer. 
The additions were made in at least four steps and scattering measure- 
ments between the angles 35° and 135° were made at each concentration. 
No hyaluronic acid disappeared from the solution during the centrifugation. 

Refractive index measurements were carried out in a Zeiss-Rayleigh type 
of interferometer? at 20°. A value of dn/dc = 0.170 was used for all solu- 
tions, since refractive increments at different salt concentrations were not 
significantly different. ‘This value refers to’ = 4358 A. Measurements 
of the polarization of the scattered light showed that the depolarization 
ratio (8) was p, <0.02, and no correction for anisotropy was made. 

The pH was determined on a Beckman model G pH meter with a glass 
electrode, model 290. ‘The viscosity was measured in an Ubbelohde type 
viscometer built according to Schurz and Immergut (9). 

The results were evaluated according to Zimm (10). For each concen- 
tration, c (gm. per ml.), and angle, 0, Ac/I, was plotted against sin? 0/2 
+ ke, Re having been corrected for the corresponding value of the solvent. 
K = 2x°n?(dn/dc)?/NM = 4.58 & 10-7, Re is the reduced angular intensity, 
and k is an arbitrary constant. The values were extrapolated to zero angle 


1 Millipore Corporation, Watertown, Massachusetts. 

2 The authors wish to express their gratitude to Dr. P. Doty, Harvard University, 
for the use of the instrument in his laboratory. 

3” is the refractive index of the solvent; dn/dc, the refractive increment; \, Avo- 
gadro’s number; and \, the wave-length of the light. 
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and zero concentration by a double extrapolation, and an intercept on the 
Ke/R, axis was obtained. The extrapolated value of Ke/2, is 1/.\7, where 
MV is the weight average molecular weight. The calculation of the mo- 
lecular dimensions and the determination of the shape will be discussed 
under ‘‘Results.” 


Material 


Hyaluronic acid was prepared from human umbilical cord according to 
the methods of Blix and Snellman (1). The chemical analysis of a nearly 
sodium-free, dry preparation is reported in Table I. From the galactos- 
amine content it was assumed that the chondroitinsulfurie acid content 


TABLE | 
Analysis Values for Test Sample (Per Cent of Dry Weight) Compared with Theoretical 
Values for Mixture of 85 Per Cent Hyaluronic Acid (C\yyOwHaN), and 15 Per 
Cent Chondroitinsulfuric Acid (CyOuHaNnS)» 


| Method; bibliographic 


Analysis values | Theoretical values | 
per cenl per cent | 

Glucosamine . . 36.2 39.9 | (11) 
Galactosamine 5.5 6.0 | (11) 
Hexuronic acid. 43.2 49.8 (12) 
Nitrogen. | 3.2 3.6 (13) 
Carbon. . | 46.2 43.1 (14) 
Hydrogen. 5.6 5.4 | (14) 
Sulfur . 0.6 1.0 (15) 
Ash... 1.0-1.6 0 

Sodium... 0.4 0 (16) 


was 15 per cent. The theoretical values for a mixture containing 85 per 
cent hyaluronic acid and 15 per cent chondroitinsulfuric acid are given in 
the second column. The nitrogen analyses do not indicate any protein 
impurity. As the molecular weight of chondroitinsulfuric acid is lower 
than that of hyaluronic acid (4.3 & 104 (17) and 3 to 4 & 10° (see below), 
respectively), the impurity will not contribute more than a few per cent to 
the light scattering, owing to the greater contribution of the species of 
higher molecular weight. 

About 0.1 gm. of hyaluronic acid was dissolved in 100 ml. of distilled 
water, and the solution was stirred overnight at +5° with the aid of a 
magnetic stirrer. The solution was then dialyzed for 24 hours against a 
constantly agitated suspension of 40 to 60 gm. of Dowex 50 ion exchange 
resin (200 to 400 mesh, 8 per cent cross-linking, H cycle) in 2 liters of water 
to remove all cations (except hydrogen ions). Determinations of the 
sodium content (16) showed that only 1 to 3 per cent of the hyaluronic acid 
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remained in the sodium form after having been subjected to this procedure. 
The pH of the solution was then adjusted to 6.8 to 7.2 with 0.02 N NaOH in 
a nitrogen atmosphere. Such a neutralized stock solution was then used 
for the subsequent dilutions. 

The stock solutions were dialyzed for 24 hours against dilute citrate- 
phosphate buffer solutions containing NaCl; the contribution to the ionic 
strength from the buffer and NaCl was 1:5. At pH values below 2, HCI- 
NaCl was employed instead of the buffer. ‘The dialysates were then used 


6 iD 


+ 2000¢ 


Fie. 1. Typical Zimm plot of hyaluronic acid at pH 6.97. Ionie strength 0.12. 
Calculated molecular weight 3.4 X 10% Root-mean-square radius, 2400 A. O, ob- 
served; @, extrapolated. 


to dilute the samples in the light scattering measurements. When meas- 
urements were made without salt, the neutralized stock solution was di- 
rectly diluted with redistilled water. Concentrations were calculated from 
hexosamine determinations (18) after hydrolysis of the hyaluronic acid in 
4 n HC] for 18 hours at 100°. The galactosamine content was first sub- 
tracted and the hyaluronic acid concentration was then obtained by multi- 
plying the glucosamine content by 2.11. This factor is based on the 
assumption that the hyaluronic acid is a polymer of a disaccharide contain- 
ing N-acetylglucosamine and glucuronic acid (19). The error in this 
determination was estimated to be +5 per cent. In calculating concen- 
trations, glucosamine determinations were preferred to dry weight determi- 
nations because of the highly hygroscopic character of the preparation. 
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Results 


The results obtained may conveniently be grouped with respect to the 
ionic strength. 

r/2 = 0.12-——-Six separate determinations were made within the pH 
range 1.8 to 7.0 and for each a Zimm plot was constructed. A typical plot 
is illustrated in Fig. 1. The values for the molecular weight varied be- 
tween 2,800,000 and 4,300,000 (Table II). The spread of the values can 
be explained by depolymerization which occurs more readily in acid pH. 
The only dimension that can unequivocally be derived from the Zimm plot 
is the root-mean-square radius [(ra)°|) (Zimm and Stockmayer (20)). This 


TaBLeE II 
Calculated Molecular Weights, Root-Mean-Square Radii, {(rq)?}?, and End to End 
Separations, R, from Six Different Light Scattering Determinations of 
Hyaluronic Acid at Ionic Strength 0.12 
R is calculated for a partially stiff coil model. For details, see the text and the 
legend to Fig. 3. 


pH | Mol. wt. ((ra)2]3 | R 
7.0 3.4 X 10° 2400 6100 
6.9 | 4.3 X 10° 2300 5800 
3.9 | 3.6 X 10° 2000 4900 
3.8 | 3.1 X 10° 2300 5900 
2.0 3.0 X 10° 1800 4800 
1.8 2.8 X 10° 2200 5600 


parameter is related to the initial slope of the (Ke/R,).<0 against a sin?6/2 
plot by the relation 
dn intercept 


[(ra)’]’ is given for each measurement in Table IT. 

The actual dimension can be determined from [(r,)"|' only if it is possible 
to assign a shape to the molecule. P, = F,/Ro was therefore plotted 
against sin 6/2 and compared with similar curves for a sphere, a random 
coil, and a thin rod, respectively, all having the same initial slope as the 
experimental curve (8). Fig. 2 shows that the experimental plot is very 
closely approximated by the curve for the random coil. Since deviations 
from the theoretical curve may be due to some rigidity in the molecule, the 
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results were replotted according to Peterlin (21)4 (Fig. 3). P, is plotted 
against v (v = 3lg yo sin® 0/2, where yo is the initial slope of Pg! against 
sin? 6/2). «x represents different degrees of stiffness in the molecule. For 
a random coil x = ~; for a stiff rod « = 0. The calculated curve for a 
sphere was also plotted. A comparison with Peterlin’s curves shows that 
there is a small degree of stiffness in the hyaluronic acid molecule compared 
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Fig. 2. Comparison of the seattering function from the preparation in Fig. 1 with 
theoretical functions for a sphere (diameter 6200 A), for a rod (length 8400 A), and for 
a monodisperse coil (root-mean-square of end to end distance 5900 A). [(ra)?]}}, for 
all curves, 2400 A. 

Fig. 3. Peterlin plot for chain molecules of different degrees of stiffness. x2 = &, 
representing a random coil; « = 0, a stiff rod. Caleulated x values for hyaluronic 
acid at pH 7.0 (@), 3.8 (A), and 1.8 (QO) are 78, 83, and 455, respectively. The RP 
values in Table IT are calculated with appropriate x values. 


with a random coil. There is no significant difference in stiffness at dif- 
ferent pH values. The root-mean-square end to end distances, FR, for the 
different determinations as calculated from the corresponding « values, are 
presented in Table IT. 

The initial slope, B, of Kc/Ro versus c in the Zimm plot is identical with 
the coefficient of the second term in van’t Hoff’s equation. It is an indi- 
cator of molecular interaction (8). In our experiments B was zero for the 
most part, but in the strongest acid pH it was slightly positive. 


‘It was impossible to fit the scattering envelope to the theoretical functions for 
cylinders and ellipsoids given by Sait6 and Ikeda (22). 
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I'/2 = 0.012 and Lower—At T'/2 = 0.012 the molecular weight was some- 
what higher than at ['/2 = 0.12, and the values at pH 7.1, 7.0, and 4.0 were 
5.3 X 10°, 6.5 & 10°, and 4.8 X 10°, respectively. At I'/2 less than 0.012, 
difficulties arose in extrapolating to zero angle, and it became impossible 
to determine the molecular weight and B. There was also a tendency for 
R4;/R135 to increase with increasing hyaluronic acid concentration, and this 
effect was most pronounced if no other ions than the counter-ions were 
present. In the concentration range 10-4 to 4 X 10-4 gm. per ml. of hy- 
aluronic acid, R4;/R i335 was between 7 and 10 (in 0.12 ionic strength the 
value was 3.8). Below the concentration 10~ gm. per ml., there was a 
decrease in the dissymmetry, and R4;/R135 extrapolates to a value of ap- 
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4 

J 

a) 
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CONCENTRATION 


Fig. 4. The intrinsie dissymmetry, /?45/Rias, of sodium hyaluronate in the ab- 
sence of added salt. Identical symbols indicate data belonging to the same experi- 
ment. 


proximately 4 at c = 0 (Fig. 4). The values at the lowest concentrations, 
however, include a large error, as the lowest scattering was only 20 per cent 
higher than that of the solvent. 

Viscosity-—The intrinsic viscosity of the hyaluronic acid at pH 7.0 (m/15 
phosphate buffer) was 33.6 at a shear gradient of 800 sec.—'. According to 
the empirical relationship between the intrinsic viscosity and the length of 
the hyaluronic acid molecule established by Blix and Snellman (1), our 
viscosity value would correspond to a length greater than 10,000 A. 


DISCUSSION 


The results indicate that at ['/2 = 0.12 the closest approximation to the 
hyaluronic acid molecule is a somewhat rigid coil which does not change its 
molecular characteristics to any appreciable extent in the pH range 1.8 to 
7.0. The weight average molecular weight appears to be 2,800,000 to 
4,300,000 for this preparation. However, this estimate is subject to many 
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errors amounting to about +20 per cent. There is an impurity of about 
15 per cent chondroitinsulfuric acid in the preparation. The scattering due 
to the impurity is, however, considerably less than 15 per cent because of 
the larger size of the hyaluronic acid molecule. This estimate implies that 
there is no interaction between the two molecular species and is probably 
justified in view of the small interaction between the large molecules them- 
selves, as expressed in the negligible value of B (see above). The errors due 
to the apparatus and the readings can be estimated to be within +5 per 
cent. Furthermore, there is a +5 per cent error in the concentration de- 
terminations. This could affect both the scattering values and the refrac- 
tive increment. A +5 per cent error in the refractive increment would give 
a +10 per cent error in the molecular weight. 

Blix and Snellman (1) arrived at a molecular weight of 3.5 to 5.0 « 105 
for hyaluronic acid from umbilical cord on the basis of their streaming 
birefringence studies. These values were based on the assumption that the 
molecule was an unbranched chain of disaccharides with 20 per cent short- 
ening. The molecular weight reported here is much higher and so is our 
viscosity value. ‘This indicates that the preparation of the earlier workers 
was of a lower degree of polymerization. On the other hand, the length of 
the molecule as derived from light scattering, 5000 to 6000 A, is smaller 
than that obtained in the streaming birefringence experiments of Blix and 
Snellman. It should perhaps be pointed out that the formula used by 
these authors applies only to rigid ellipsoids, and its application to mole- 
cules of considerable flexibility may lead to erroneous results. 

Christiansen and Jensen, using osmotic measurements, found molecular 
weights between 370,000 and 1,750,000 for potassium hvaluronate pre- 
pared from umbilical cord. Their method of preparation, however, differs 
from ours and their figures represent the number average molecular weight. 

The interpretation of our results at I'/2 less than 0.012 is somewhat 
doubtful because of difficulties in extrapolation of the scattering envelope 
to zero angle. This may be due to an aggregation of the molecules into 
larger particles. There is also an increase of the 45//?js35 ratio, consistent 
with aggregation, or with a change in shape of the molecules, into large 
swollen spheres, owing to hydration (4). 


SUMMARY 


Hyaluronic acid isolated from umbilical cord has been studied by light 
scattering. It behaves like a somewhat rigid coil. Its molecular weight 
was estimated to be 2,800,000 to 4,300,000 and its root-mean-square radius 
to be 2200 A. The length is 5500 A, calculated according to a partially 
rigid coil model. At low ionic strength there is a concentration-dependent 
increase in the intrinsic dissymmetry /?4;//2135 together with an apparent 
increase in the molecular weight. 
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THE DETERMINATION OF SUGAR IN BLOOD AND SPINAL 
FLUID WITH ANTHRONE REAGENT* 


By JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, July 16, 1954) 


The anthrone reagent of Dreywood (1) has been applied to the deter- 
mination of blood sugar by Durham, Bloom, Lewis, and Mandel (2), Fetz 
and Petrie (3), and Zipf and Waldo (4). In the procedures developed by 
these authors, the heat resulting from mixing sulfuric acid with water 
causes the reaction to take place. Greater precision is obtained by heating 
the mixture of anthrone, sulfuric acid, and carbohydrate for a definite 
time in a constant temperature bath. Scott and Melvin (5) reported that 
the “heat of mixing” procedure is satisfactory if accuracy no better than 
+5 per cent is required. They obtained data showing a coefficient of 
variation of +0.48 per cent in their method, which involves heating in an 
ethylene glycol bath at 90° for 16 minutes. 

In our laboratory a method was developed for the determination of 
dextran in blood and urine in which a mixture of anthrone reagent and 
dextran solution is heated in a boiling water bath for a definite time (6). 
In twelve determinations by this method with dextran solution there was 
observed a coefficient of variation of +0.36 per cent, and in twelve deter- 
minations in which the dextran was precipitated from solution by alcohol 
the coefficient of variation was +0.56 per cent. Our observations with 
respect to the precision of the ‘‘heat of mixing” procedure, compared with 
heating for a definite time in a constant temperature bath, are in agree- 
ment with the work of Scott and Melvin (5). 

We have adapted our procedure for the determination of dextran to the 
estimation of the sugar in blood and spinal fluid. <A stabilized anthrone 
reagent has been developed, and certain findings of interest are reported. 


Method 


Reagents— 

1. Anthrone reagent. A solution containing 0.05 per cent anthrone, 
1 per cent thiourea, and 66 per cent by volume H2SQ, is used. For each 
liter of reagent, place in a suitable flask 340 ml. of distilled water and add 
cautiously 660 ml. of concentrated sulfuric acid, sp. gr. 1.84, of highest 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships, National Institutes of Health, United States Public Health Service. 
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purity. Prepare a stock of a number of liters of this acid solution. Place 
in a flask 500 mg. of recrystallized anthrone, 10 gm. of highest purity 
thiourea, and 1 liter of the 66 per cent by volume H2SO,. Warm the 
mixture to 80-90°, occasionally shaking the flask to mix the contents. 
Do not overheat the mixture. After solution is complete, cool and store 
in a refrigerator. To obtain maximal color production, this reagent 
should be freshly prepared every 2 weeks. 

2. Standard glucose solutions. (a) Stock solution. Obtain highest 
purity glucose and dry in a vacuum oven at 60—70°. Dissolve 100 mg. of 
glucose in 100 ml. of saturated benzoic acid solution. (b) Working stand- 
ard. Place 10 ml. of the stock solution in a 100 ml. volumetric flask and 
make up to volume with saturated benzoic acid solution. 1 ml. of this 
solution, containing 0.1 mg. of glucose, is used as a standard. 

3. Deproteinizing reagents. Prepare 5 per cent trichloroacetic acid, or 
10 per cent NazWO,-2H20 and 0.66 N H2SOx,, according to Folin and Wu 
(7), or 5 per cent ZnSO,4-7H2O and 0.3 n Ba(OH)s, according to Somogyi 


(8). 
Procedure for Blood 


Blood is deproteinized with tungstic acid (7), with Ba(OH)s and ZnSO, 
(8), or with 5 per cent trichloroacetic acid, the preferable dilution being 
1:10. Place 1 ml. of blood filtrate in a photoelectric colorimeter tube of 
the test-tube type. Continue until 1 ml. of each filtrate to be analyzed 
has been placed in a matched colorimeter tube. Pipette 1 ml. of standard 
glucose solution, containing 0.1 mg. of glucose, into a similar colorimeter 
tube, and also 1 ml. of distilled water into another tube to be used as a 
blank for setting the colorimeter. Add 10 ml. of the anthrone reagent to 
each tube. Twirl the tubes to bring about thorough mixing. Stopper 
each tube by inserting firmly a rubber stopper through which has been 
passed a glass tube about 5 mm. in diameter and 4 inches in length. The 
purpose of this stopper is to keep water from splashing ‘into the tube when 
placed in the boiling water bath. 

Place all tubes in a rack suitable for immersion in a water bath. Set 
the rack of tubes in a tap water bath for 3 to 5 minutes to bring the con- 
tents of each tube to the same temperature, and then place the tubes in a 
boiling water bath for 15 minutes. A metal water bath, admitting mini- 
mal amounts of light, should be used. Remove the rack of tubes to a tap 
water bath and let stand until cool. When the tubes have come approxi- 
mately to room temperature, remove them from the cooling water bath, 
wipe dry with a towel, and let stand at room temperature in a moderately 
illuminated or dark place. Allow the tubes to stand 20 to 30 minutes 
after removal from the boiling water bath, and then compare in a photo- 
electric colorimeter, using a 620 my filter. 
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Calculation 


DU 
DS x 0.1 X dilution of blood X 100 = mg. glucose per 100 ml. 


where DU = optical density of the unknown, DS = optical density of the 
standard, 0.1 = mg. of glucose in | ml. of standard solution. 


Procedure for Spinal Fluid 


To 1 part of spinal fluid add 9 parts of distilled water or 9 parts of 5 
per cent trichloroacetic acid. Mix thoroughly and filter if trichloroacetic 
acid is used. Water dilution is satisfactory unless a very high protein 
content is encountered. Place 1 ml. of diluted fluid or filtrate in a matched 


OPTICAL DENSITY 


25 50 100 200 300 400 
MICROGRAMS OF GLUCOSE 


Fic. 1. Curve showing agreement with Beer’s law when 25 to 400 y of glucose 
were submitted to the anthrone procedure. 


colorimeter tube, add 10 ml. of anthrone reagent, and proceed as directed 
for the blood sugar determination. 


DISCUSSION 


Concentration of HySOs—A concentration of HSO, of 60 per cent by 
volume was found to be optimal (6). This concentration of acid should 
always be produced if other quantities of filtrate are used. This is ob- 
tained in the regular procedure by adding 10 ml. of anthrone reagent, 
which contains 66 per cent by volume of H2SO,, to 1 ml. of filtrate. 

Agreement with Beer’s Law—The agreement of the color produced with 
the anthrone reagent with Beer’s law is presented in Fig. 1. This curve 
shows the excellency of agreement up to 200 y of glucose and the deviation 
from strict linearity with 300 and 400 y. As in this method 1 ml. of a 
1:10 dilution of blood is regularly used, the microgram values on the 
abscissa correspond to mg. of sugar per 100 ml. of blood. Therefore, 
concentrations up to 200 mg. of sugar per 100 ml. of blood are correctly 
determined; with concentrations of 300 and 400 mg. per 100 ml. the results 
are underestimated 3 and 8 per cent, respectively, if read against a stand- 
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ard within the range of strict agreement with Beer’s law. To avoid the 
error due to deviation from Beer’s law at concentrations above 200 mg. 
per ml., repeat the determination, using more dilute filtrate, or make 
corrections according to the curve of Fig. 1. For most work, however, 
values around 300 to 400 mg. per 100 ml. may be accepted without repeat- 
ing the determination or making corrections. 


TaBLeE I 
Comparative Blood Sugar Values 
Values obtained by the anthrone method with blood filtrates prepared by depro- 
teinizing with 5 per cent trichloroacetic acid, tungstie acid (Folin-Wu), and ZnSO,- 
Ba(OH). (Somogyi) reagents. 


Mg. sugar per 100 ml. blood 


Blood No. 
Tungstic acid TCA ZnSO-Ba(OH): | 2) 3) 
(1) (2) (3) 
] 73.1 82.2 68.8 13.4 
2 $5.7 89.4 82.2 
3 117.8 124.4 116.9 7.9 
4 135.8 148.8 133.9 14.9 
5 84.0 95.2 | 77.90 | 
6 92.0 101.3 85.6 15.7 
7 2.1 83.9 76.2 Pe | 6.3 
79.2 81.5 74.5 7.0 5.6 
63.4 68.1 63.9 4.2 7.2 
10 88.0 83.9 81.5 2.4 5.6 
11 115.0 113.8 107.2 6.6 5.8 
12 95.0 91.6 83.0 8.6 | 9.1 
Mean..... 92.6 97.0 87.6 9.4 6.6 


Results with Different Deproteinizing Reagents—The sugar values ob- 
tained with anthrone reagent are related to the method of deproteinization 
of the blood. In Table I are data obtained upon filtrates prepared by 
three different procedures. The highest values were obtained with tri- 
chloroacetic acid (TCA), the lowest with filtrates prepared with Somogyi 
reagents, and intermediate values with filtrates prepared with tungstic 
acid. Statistical analysis shows a highly significant difference (P <0.01) 
between the results obtained by TCA and Somogyi reagents and those 
by tungstic acid and Somogyi reagents. A moderately significant differ- 
ence (P <0.05) exists between the data obtained by TCA and those by 
tungstiec acid. 

The higher values obtained on filtrates prepared by TCA deproteiniza- 
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tion appeared to be due to carbohydrate in phosphate combination, which 
would be precipitated by barium when blood is deproteinized with Somogyi 
reagents. To test this assumption, the TCA filtrate was alkalized to 
phenolphthalein, treated with small amounts of Somogyi reagents, cen- 
trifuged, and washed twice with 50 per cent alkaline alcohol; the carbohy- 
drate content of this barium precipitate was determined by the anthrone 
method. The results (last column of Table I), ranging from 5.6 to 9.1 
mg. per cent, account fairly well for the differences in the blood sugar 
values obtained upon filtrates prepared with TCA and Somogyi reagents. 
Probably a considerable part of the fraction in the barium precipitate from 
blood, which we have determined by the anthrone procedure, is hexose 
diphosphate. This suggestion is based upon the fact that, of the barium- 
precipitable carbohydrate compounds, hexoses yield optimal or near 
optimal color production with anthrone reagent in 15 minutes boiling, 
while pentoses react very rapidly with this reagent and the color produced 
fades considerably in the boiling period used. Ribose and arabinose 
yielded less than 10 per cent of the optical density produced by an equiva- 
lent amount of glucose when the anthrone method, as outlined above, was 
used. 

The barium-precipitable carbohydrate fraction in blood is of considerable 
interest because it probably consists of intermediates in the carbohydrate 
metabolism of the blood cells. This assumption is supported by our 
observation, discussed later, of no difference in the values obtained with 
TCA and Somogyi reagents upon spinal fluid, a biological fluid that is 
essentially cell-free. 

Comparison of Anthrone Procedure with Copper Reduction—The anthrone 
method compares most closely with the Nelson-Somogyi (9, 8) copper 
reduction procedure when tungstic acid blood filtrate is used. In a series 
of nineteen comparative blood sugar determinations on tungstie acid 
filtrates, the mean values per 100 ml. of blood were 108.84 mg. for anthrone 
and 110.94 mg. for copper reduction. 

Analysis of variance of these data showed that there is no significant 
difference between the results by the two procedures. Clinically, the 
values obtained by the proposed anthrone method may be interpreted as 
similar to the results obtained by copper reduction methods with tungstic 
acid filtrates. 

Effect of Tungstate—Tungstic acid is precipitated from aqueous solution 
by excess sulfuric acid. The tungstate ion is also reduced by anthrone 
reagent, yielding a blue color that absorbs at 620 mu wave-lengths. Tung- 
stie acid, as a deproteinizing agent, might offer serious interference in 
anthrone procedures, but, fortunately for clinical usage, the small amount 
of tungstate left in the Folin-Wu blood filtrates does not interfere. The 
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data of Table II make this clear. In this study 1 part of 10 per cent 
sodium tungstate was mixed with | part of 0.66 N H.SO, and 8 parts of 
water, making a 1 per cent H.W, solution. Different aliquots of this 
solution were mixed with anthrone reagent, and the usual procedure for 
blood sugar determination was carried out. The interference resulting 
from 0.2, 0.3, 0.5, 0.7, and 1 ml. of 1 per cent H.WO, was equivalent, 
respectively, to 0, 1, 2, 29, and 216 mg. of glucose per 100 ml. These 
data show that not until more than one-half of the amount of tungstate 
used in protein precipitation of blood remains in the filtrate will serious 
interference occur. Hence, only when bloods containing less than one- 
half the usual amount of protein are encountered will error arise due to 
tungstate left in the filtrate. With spinal fluid, however, tungstic acid 
deproteinization cannot be used. We observed serious interference from 


TABLE IT 


Effect of Tungstic Acid on Color Production by Anthrone Reagent 


Optical density Mg. per cent as glucose 
mil. 
0.2 0 0 
0.3 0.0044 1.0 
0.5 0.0090 2.1 
0.7 0.1249 29.0 
1.0 0.9210 216.0 


tungstate in published procedures for spinal fluid when our anthrone 
method was applied. 

Stabilized Reagent—In solution, anthrone is an equilibrium mixture of 
the tautomeric forms of 9-ketoanthracene. The enol modification, an- 
thranol, is the active form in the reaction of anthrone reagent with carbo- 
hydrate; it condenses with furfural, or a furfural derivative, to form the 
blue-colored product. The assumption that anthranol is the active form 
is supported by the fact that the reaction is prevented by oxidizing agents 
and is continued or supported by reducing agents. 

Perhaps the most serious limiting factor in the use of anthrone methods 
is the instability of anthrone in sulfuric acid. Upon standing, the anthrone 
reagent develops a brownish color and its chromogenic property decreases. 
This is due to an oxidative change. We have overcome this limitation by 
introducing an antioxidant, thiourea, into the reagent. When thiourea in 
1 per cent concentration is added to the sulfuric acid solution of anthrone 
and the mixture is kept in a refrigerator, the reagent does not change 
color upon standing. The chromogenic capacity of this improved anthrone 
reagent remains essentially unchanged for 2 weeks, but diminishes there- 
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after. After 3 and 4 weeks of standing at 6° its capacity to produce color 
with glucose decreased 11 and 16 per cent, respectively. This improve- 
ment in the keeping quality of the anthrone reagent brings the anthrone 
method into the realm of practical routine procedures. The quality of 
the blue color is also improved by thiourea, which prevents the develop- 
ment of greenish tinges. 

Effect of Light—We have previously shown that the blue color formed 
by the reaction of anthrone reagent with carbohydrate fades rapidly in 
~ sunlight (6). It has been observed further that the results obtained 
when the tubes containing the reaction mixture are boiled in water in a 
glass beaker are more variable than when placed in boiling water in a 
metal container to which minimal amounts of light are accessible. In 
sunlight the anthrone reaction with carbohydrate takes place faster and 
fading occurs sooner. Since the tubes in a transparent water bath receive 
a variable exposure to light, it is obvious that the precision will not be as 
good under such conditions. 

Filter Paper—Some filter papers contain appreciable water-soluble 
carbohydrate. We determined the amount of error possible from using 
seven different grades of filter paper by passing 25 ml. of 5 per cent tri- 
chloroacetic acid through an 11 em. paper and analyzing the filtrate by the 
anthrone method. Calculated as a blood filtrate diluted 1:10, and ex- 
pressed as glucose, the following values were obtained: 4.8, 3.0, 1.0, 1.0, 
5.0, 2.4, and 1.0 mg. per 100 ml. Whatman’s acid-washed filter paper 
No. 42 is free from water-soluble carbohydrate. A blank test should be 
carried out upon the filter paper, and paper of a grade suitable for the work 
at hand should be selected. 

Comparative Study of Spinal Fluid Procedures—The results of a com- 
parative study of anthrone and copper reduction procedures with spinal 
fluid extracts prepared by water dilution and by deproteinization with 
trichloroacetic acid and the ZnSO 4-Ba(OH):, reagents of Somogyi (8) are 
presented in Table III. Analysis of the variance of the data in Table III 
shows the following relationships: With the anthrone method there is no 
significant difference between the results obtained upon filtrates prepared 
by H,O dilution and trichloroacetic acid deproteinization (Columns 1 and 
2) and in the results with extracts prepared by H.O dilution and by depro- 
teinization with trichloroacetic acid and with the Somogyi reagents (Col- 
umns | and 2 and 3 in Spinal Fluids 5, 6, 7, 8). The values obtained by 
the anthrone and copper reduction methods upon spinal fluids diluted 
with H.O also do not vary significantly (Columns 1 and 4). However, 
the results obtained by the copper reduction method with extracts pre- 
pared by H,O dilution and by Somogyi reagents (Columns 4 and 5) vary 
significantly. 

The data in Table III show that there is essentially no phosphorylated 
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sugar in spinal fluid, as the values obtained with filtrates prepared by 
Somogyi reagents are, within the limits of error, the same as those obtained 
with filtrates prepared with trichloroacetic acid. Sugar in the spinal 


TABLE III 
Comparative Analyses of Spinal Fluids 
The anthrone and copper reduction (Nelson-Somogyi) methods were used. The 
filtrates were prepared by H,O dilution and by deproteinization with 5 per cent tri- 
chloroacetic acid and with the Somogyi reagents, diluted 1:10. 


Mg. sugar per 100 ml. of spinal fluid 
Spinal Anthrone method | Copper reduction method 
H20 dilution | ZnSO4-Ba (OH): H20 dilution ZnSO«-Ba(OH): 
(1) (2) | (3) | (4) | (5) 
2 58.4 57.5 | 60.0 | 54.5 
3 66.2 70.3 | 66.4 | 65.4 
4 55.2 55.6 | 52.1 55.7 
5 59.6 60.6 60.6 64.5 60.0 
6 66.2 66.7 66.2 67.2 63.0 
77 $9.3 89. 88.8 92.3 88 .0 
* Contained 260 mg. per cent of protein. 
TaBLe IV 
Effect of Protein on Color Production by Anthrone Reagent 
Blood albumin in glucose solution | Per cent increase in optical density 
meg. per ml. 

0.1 1.4 

0.2 3.2 

0.4 3.4 

1.0 8.4 


fluid is, therefore, not undergoing intermediary metabolism, as would be 
expected in a biological fluid that is almost cell-free. 

The practical importance of the data of Table III is that they show 
that the sugar in spinal fluid can be determined by the anthrone method 
without deproteinization of the fluid. It is true that protein increases the 
optical density in the anthrone procedure, but the amount of protein in 
most spinal fluids does not cause appreciable interference. 0.1 mg. of 
albumin per ml., corresponding to the protein concentration of filtrate 
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prepared from a spinal fluid containing 100 mg. per cent, the fluid being 
diluted 1:10, yielded an increase in optical density of 1.4 per cent (Table 
IV). Thus, the increase in sugar content in most analyses, when the 
procedure is carried out upon spinal fluid diluted with water, would be 
less than 1 mg. per cent, as all normal and many pathologic spinal fluids 
havea protein content of less than 100 mg. per cent. Spinal Fluid 7 (Table 
III) contained 260 mg. per cent of protein, and the values obtained by 
the anthrone procedure upon the three types of filtrate are about the 
same. In Table [IV a protein concentration of 1 mg. per ml., corresponding 
to filtrate from a spinal fluid containing 1000 mg. per cent of protein, 
resulted in an increase in optical density of only 8.4 per cent. This in- 
crease would not influence the clinical interpretation; however, when 
precise values are desired, the spinal fluid may be treated with 5 per cent 
trichloroacetic acid and filtered before applying the anthrone procedure. 


SUMMARY 


1. A method has been developed for the determination of sugar in blood 
and spinal fluid with anthrone reagent. A mixture of deproteinized 
filtrate and anthrone reagent in a colorimeter tube is heated in a boiling 
water bath for 15 minutes, cooled, and compared colorimetrically with 
glucose standard solution treated similarly. 

2. The stability and chromogenic property of the anthrone reagent 
have been greatly improved by introducing thiourea into the reagent. 

3. With the anthrone method a considerable amount of barium-precipi- 
table carbohydrate compounds was demonstrated to be present in blood. 
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(Received for publication, June 21, 1954) 


A number of methods have been reported in the past for the extraction 
of steroids from blood. They comprise mainly (a) solvent extraction (1-3), 
(b) charcoal adsorption (4-7), (c) dialysis (8-10), and (d) a combination of 
dialysis and charcoal adsorption (11). 

Solvent extraction is complicated by the formation of emulsions (9, 11) 
which result from the solvent-solvent fractionations necessary to produce 
a relatively clean extract. The possibility that the charcoal adsorption 
technique may lead to artifact formation has been indicated (3, 11). The 
dialysis method, on the other hand, is very attractive, since the residues so 
obtained have been shown to be very small and relatively free of pigments, 
fats, and cholesterol (10). 

The efficiency of the dialysis method would be greatly enhanced if it were 
combined with an extraction procedure such that the two processes would 
occur simultaneously. Such a process was reported by Levy et al. (11), 
who combined dialysis with charcoal adsorption, and by Zaffaroni (9), who 
employed a specially constructed apparatus to effect the same purpose. 
The latter process necessitated the construction of complicated apparatus 
and also finally entailed solvent extraction of the dialysate. 

The purpose of this investigation was to develop a simple method for the 
extraction of steroids from blood with a minimal amount of manipulation. 
It appeared to us that a feasible process was one involving simultaneous 
dialysis and extraction. The apparatus chosen for this purpose was a 
modified Hershberg and Wolfe (12) urine extractor. Each one of these 
extractors can hold from one to four dialysis casings, each containing 100 
to 125 ml. of solution. During dialysis, the dialysate is extracted con- 
tinuously with methylene chloride. 

In the first system studied, the blood was diluted with an equal volume 
of physiological saline and dialyzed against this. Although quantitative 

* This investigation was supported by the MacAndrews and Forbes Company. 


Camden, New Jersey, the American Urological Research Foundation, Inec., and the 
United States Public Health Service, grant C-2202. 
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recovery was obtained with steroids such as Kendall’s Compound E, A*- 
androstene-3 , 17-dione, etiocholane-3a, 118-diol-17-one, and etiocholane-3a- 
ol-11 ,17-dione at a concentration of 0.8 mg. per cent, poor recoveries were 
obtained with deoxycorticosterone, androsterone, and testosterone. 

Hemolysis of the blood by dilution with an equal volume of distilled 
water, followed by dialysis against distilled water, offered no improvement. 
In a third system, the blood was diluted with approximately 2 volumes of 
0.4 x HeSO, so that the final pH was 1.00, and this mixture was dialyzed 
against 0.1 N H2SO 4. This system again showed no marked improvement 
over the first, in which the blood was dialyzed against physiological saline. 

It was therefore decided to study the methanol system described by 
Zaffaroni (9). It was reported that a concentration of 35 per cent methyl 
alcohol in the inside phase of the dialysis system gave optimal recoveries. 
Zaffaroni’s data also showed that increasing the methyl] alcohol concentra- 
tion in the outside phase increased the rate of dialysis. However, he was 
limited to a methanol concentration in the outside phase at 40 per cent by 
volume, since this represented the maximal concentration of methyl] alcohol 
in water compatible with a diphasic system in which chloroform was the 
extracting solvent. Since we were using methylene chloride as the ex- 
tracting solvent, we could increase the methanol concentration in the out- 
side phase to 60 per cent by volume and still have a diphasic system. This 
latter system was finally adopted after a series of reeovery experiments were 
completed. 


EXPERIMENTAL 


Dialyzing tubing (Visking Corporation) with a diameter of 2 inch was 
used in our studies. It was cut into approximately 24 inch lengths and 
soaked in distilled water for a half hour before use. The cellophane tubing 
was tied with a double knot at one end and filled with the solution to be 
dialyzed. The open end was then also tied with a double knot. Using 
this procedure, we have never lost a sample owing to leakage from the 
dialyzing tubing. | 

The apparatus employed is the modified Hershberg and Wolfe (12) ex- 
tractor. It has a capacity of approximately 1500 ml. and is commercially 
available.!. Kach extractor can hold from one to four dialysis bags con- 
taining 100 to 125 ml. of solution per bag. The extraction flask should 
have a capacity of 500 ml. and should contain 350 ml. of redistilled meth- 
yvlene chloride in addition to the solvent (approximately 150 ml.) in the 
variable overflow tube and in the bottom of the extractor. Tleating man- 
tles operated off a Powerstat (variable transformer) are used to heat the 


! Obtained from the Scientific Glass Apparatus Company, Bloomfield, New Jersey. 
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extraction flasks. The rate of distillation of methylene chloride is adjusted 
between 5 and 6 ml. per minute. ‘The methylene chloride extracts are then 
evaporated to dryness in a water bath at 40° under a fine stream of nitro- 
gen or under vacuum. Each extract, being sufficiently pure, is chromato- 
graphed directly in the appropriate solvent systems by the methods of 
Burton et al. (13) as modified by Romanoff et al. (14). 

Whenever recovery experiments of added steroids to blood were run, an 
equal volume of control blood without added steroid was also extracted 
and chromatographed. Human blood, obtained from a blood bank, was 
used in these studies. The steroids were added to the blood in 1 ml. of 
propylene glycol, absolute methyl alcohol, or absolute ethyl alcohol. 

All steroids possessing a A‘-3-ketone group were located on the paper 
chromatograms as ultraviolet-absorbing areas under the Mineralight lamp 
(14). Steroids such as androsterone, dehydroepiandrosterone, and etio- 
cholane-3a ,118-diol-17-one were detected with the Zimmermann reagent 
(15). This was done by running 60 y of standard on a 1 cm. limb of the 
same chromatogram. ‘The steroid zone was detected on the standard limb 
of the chromatogram with the Zimmermann reagent, and the corresponding 
zone on the main limb was then cut out and eluted. In each series of re- 
covery experiments, the corresponding zones of control samples of blood 
were also cut out and eluted. 

The steroid-containing zones on the paper were cut into tiny squares of 
0.5 cm. or less and eluted quantitatively with CH;0H:CHCI; (1:1) (14). 
Evidence for the quantitative recovery of steroids after chromatography 
and elution is present in the literature (9, 16, 17). This has also been con- 
firmed in our laboratories in the course of this study. 

The steroids possessing the A‘-3-ketone group were estimated by their 
absorption at 238 to 242 my with a Beckman model DU spectrophotom- 
eter. ‘The techniques described by Zaffaroni (9, 10) were carefully followed. 
It is extremely important to reemphasize the reading of the densities of the 
eluted samples “against blanks prepared by eluting in an identical way un- 
used areas of the paper, equal in size to the steroid-containing portion” 
(10). We also have found that this technique eliminates added absorp- 
tion due to extraneous materials on the paper chromatograms. 

In addition, compounds such as deoxycorticosterone, Compound E, 
Compound I’, and Reichstein’s Compound 8 were also determined by the 
blue tetrazolium (18) method, while the last three compounds were also 
determined by the Porter-Silber (19) reaction. In every case, there was 
excellent agreement among the different methods. ‘The steroids recovered 
were also shown to be pure by comparing their sulfuric acid chromogen (20) 
curves with those of the pure crystalline standards. 

Androsterone, dehydroepiandrosterone, and etiocholane-3a, 1 18-diol-17- 
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one were estimated by the Zimmermann method (21) on the eluted samples. 
In all colorimetric reactions, the reagent blank was prepared from the 
eluate of the unused area of the paper chromatogram. 


Results 


The proportions of blood-water-methanol in the inside phase of the di- 
alysis system were fixed in the ratio 1:1:1, since Zaffaroni (9) had shown 
that a concentration of about 35 per cent methanol in the inside phase 
afforded optimal recovery of steroids. Therefore, the blood was routinely 


TABLE 
Effect of Methyl Alcohol Concentration in Outside Phase on Recovery of Steroids 
from Blood by Dialysis 
Inside phase, blood-water-methanol (1:1:1); steroid concentration, 0.5 mg. per 
cent. 


| Per cent recovery 
Steroid Extraction period — 
30 per cent methanol ! 60 per cent methanol 
| hrs. ! 
Deoxycorticosterone...... | 24 41.0 73.3 
| 48 51.3 | 85.4 
Kendall’s Compound E... 24 56.7 | 86.0 
48 79.3 | 99.5 
| 24 46.5 79.3 
60.3 89.5 


* The mixture contained 0.5 mg. per cent each of Kendall’s Compound FE and 
Compound F, Reichstein’s Compound 8, deoxycorticosterone, and A*-androstene- 
3,17-dione. The average recovery of the compounds comprising this mixture is 
given. 


diluted with 2 volumes of 50 per cent methanol and transferred to the 
cellophane casing, which was immediately placed in the extractor contain- 
ing the outside phase. 

The only substance found in control samples of blood bank blood was a 
negligible quantity of a steroid which ran like Compound IF. The quantity 
found was approximately 8 to 10 y per 100 ml. of blood. This is in fairly 
good agreement with the data reported by Bush and Sandberg (22). In 
recovery experiments with Compound F, a correction was made for the 
amount of this substance found in control samples of blood. 

In Table I are presented the results of recovery experiments with 30 and 
60 per cent aqueous methanol, respectively, as the outside phase. Each 
value represents the average of two determinations. During the course 


| 
| 
I 
( 
1 
11 
ne 
pl 
th 
st 
at 
CO 


LOMBARDO, MANN, VISCELLI, AND HUDSON 349 


of this study, it was found that the variation was approximately +4 per 
cent of the average recoveries. 

It can be seen that the recovery of deoxycorticosterone, Compound E, 
and the mixture of steroids is increased considerably by increasing the con- 
centration of methanol in the outside phase from 30 to 60 per cent. Since 
60 per cent methanol represents the near maximal concentration of metha- 


TaB_e Il 
Recovery of Steroids from Blood by Simultaneous Dialysis and Extraction 
Inside phase, blood-water-methanol (1:1:1); outside phase, 60 per cent aqueous 
methanol; apparatus, Hershberg-Wolfe extractor; extracting solvent, methylene 
chloride. 


Per cent recovery 


Steroid Concentration 
24 hrs. 48 hrs. 
me. per cent 
4. Reichstein’s Compound 8............... 0.5 76.3 88.6 
5. A*-Androstene-3,17-dione............... 1.0 85.2 93.2 
“ | 0.1 100.5 
6. Mixture (Steroids 1-5).................. | O.5each 79.3°* 89.5* 
9. Dehydroepiandrosterone................ 0.5 71.8 85.8 
0.5 72.3 88.0 
11. 1.0 79.2 87.9 


* Average. 


nol compatible with a diphasic system with methylene chloride as the 
extracting solvent, the concentration of aqueous methanol in the outside 
phase was fixed at 60 per cent by volume. It can also be seen from Table I 
that a 48 hour extraction period is essential for almost quantitative re- 
covery. 

In Table II are presented data on recovery experiments with different 
steroids at various concentrations. Each value represents the average of 
at least three determinations. Decreasing the concentration of deoxy- 
corticosterone, Compound E, and Compound F from 2.0 to 0.5 mg. per 


S. 
1e 
n 
e 

id 
1e 
n- | 
a 
lv 
n 
1e 
id 
th 
se 


350 EXTRACTION OF STEROIDS FROM BLOOD 


cent does not affect the per cent recovery. In the case of Compound 
F, Reichstein’s Compound 8, A‘-androstene-3 ,17-dione, and testosterone, 
good recoveries were obtained at the level of 0.1 mg. per cent. The diffi- 
culty of recovering progesterone from blood is in agreement with the obser- 
vation of Zaffaroni (9), who was able to recover only 33.4 per cent from 
blood at a level of 2.0 mg. per cent by his method. 

On the basis of these data, the concentration of methanol in water in the 
outside phase was fixed at 60 per cent by volume. A 48 hour extraction 
period was deemed necessary for best results; however, it is advisable to 
replace the extraction flask with another containing fresh methylene chlo- 
ride after 24 hours. This is to prevent exposing the steroid extract to 
prolonged heating. 


DISCUSSION 


A method has been presented for the extraction of steroids from blood. 
The advantages of this procedure are threefold. First, the steroidal sub- 
stances can be extracted from blood with a minimal amount of manipula- 
tion. Second, the blood extracts so obtained are extremely small in weight 
and relatively free of pigments, fats, and cholesterol. Finally, recovery 
experiments have established the reproducibility of the method, even at a 
relatively low concentration of steroid. 

This method lends itself rather well to the analysis of perfusates for 
steroidal substances and to the analysis of adrenal venous blood. It has 
been successfully applied in our laboratories to the analysis of small volumes 
(15 to 100 ml.) of human adrenal venous blood and to perfusates of human 
adrenal glands. Homogenates of human adrenal glands have also been 
analyzed by this same procedure. ‘The results of these studies will be 
presented in forthcoming publications. 


SUMMARY 


A method has been presented for the extraction of steroids from blood. 
It combines the process of dialysis and extraction into one operation by 
utilizing the modified Hershberg and Wolfe extractor. 

The composition of the inside phase of the dialysis system is blood-water- 
methanol (1:1:1), and the composition of the outside phase is 60 per cent 
aqueous methanol. Methylene chloride is used as the extracting solvent. 
The results of recovery experiments with various steroids at different con- 
centrations have been reported. 


We wish to express our appreciation to Dr. H. F. Hailman of The Up- 
john Company for samples of Compound I, Compound F, and At-andro- 
stene-3 ,17-dione; to Dr. Frank A. Travers of Ciba Pharmaceutical Prod- 
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ucts, Inc., for samples of progesterone, deoxycorticosterone, testosterone, 
and Reichstein’s Compound 8; and to Dr. I. V. Sollins of Chas. Pfizer and 
Company, Inc., for At-pregnene-17a-ol-3 ,20-dione. 


BIBLIOGRAPHY 


. Kuizenga, M. H., Wick, A. N., Ingle, D. J.. Nelson, J. W., and Cartland, G. F., 


J. Biol. Chem., 147, 561 (1943). 


. Nelson, D. H., and Samuels, L. T., J. Clin. Endocrinol. and Metabolism, 12, 519 


(1952). 


. Meyer, A.S., J. Biol. Chem., 203, 469 (1953). 
. Hechter, O., Jacobsen, R. P., Jeanloz, R., Levy, H., Marshall, C. W., Pineus, G., 


and Schenker, V., Arch. Biochem., 25, 457 (1950). 


. Meyer, A. S., Rodgers, O. G., and Pineus, G., Endocrinology, 68, 245 (1953). 
. Meyer, A. S., Jeanloz, R. W., and Pincus, G., J. Biol. Chem., 203, 463 (1953). 
. Jeanloz, R. W., Levy, H., Jacobsen, R. P., Hechter, O., Schenker, V., and Pincus 


G., J. Biol. Chem., 208, 453 (1953). 


. Hechter, O., Federation Proc., 8, 70 (1949). 

. Zaffaroni, A., Recent Progress Hormone Res., 8, 51 (1958). 

. Zaffaroni, A., and Burton, R. B., Arch. Biochem. and Biophys., 42, 1 (1958). 

. Levy, H., Jeanloz, R. W., Marshall, C. W., Jacobsen, R. P., Hechter, O., Schen- 


ker, V., and Pincus, G., J. Biol. Chem., 208, 433 (1953). 


12. Hershberg, kX. B., and Wolfe, J. K., J. Biol. Chem., 141, 215 (1941). 
13. Burton, R. B., Zaffaroni, A., and Keutmann, Ik. H., J. Biol. Chem., 188, 7638 


(1951). 


. Romanoff, L. P., Wolf, R. 8., Constandse, M., and Pineus, G., J. Clin. Endo- 


crinol. and Metabolism, 13, 928 (1953). 


. Reich, H., Nelson, D. H., and Zaffaroni, A., J. Biol. Chem., 187, 411 (1950). 

. Axelrod, L. R., J. Biol. Chem., 201, 59 (1953). 

. Rubin, B. L., Dorfman, R. I., and Pincus, G., J. Biol. Chem., 203, 629 (1953). 
. Chen, C., and Tewell, H. k:., Jr., Federation Proc., 10, 377 (1951). 

. Porter, C. C., and Silber, R. H., J. Biol. Chem., 185, 201 (1950). 

. Zaffaroni, A., J. Am. Chem. Soc., 72, 3828 (1950). 

. Holtorff, A. F., and Woch, F. C., J. Biol. Chem., 185, 377 (1940). 

. Bush, I. E., and Sandberg, A. A., J. Biol. Chem., 205, 783 (1953). 


) 
6 
ri 
q 
10 
15 
16 
l7 
18 
19 
21 
22 
| 
XUM 


a 


au 
tl 
») 
el 
li 
b 
ti 
al 
h: 
st 
t¢ 
m 
| Ce 
be 
in 
SE 
ke 
SC 
| 
C: 


THE REMOVAL OF NON-STEROIDAL PIGMENTS OF 
URINARY EXTRACTS BY ADSORPTION ON 
CHARCOAL* 
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The extraction of steroids from urine with the usual organic solvents is 
accompanied by the extraction of undesirable pigments which complicate 
the isolation of urinary steroids by paper chromatography. Even after 
preliminary fractionations by paper chromatographic techniques, Burton 
et al. (1) found that the residues were highly pigmented and bulky. This 
made the task of detecting minute amounts of urinary steroidal metabo- 
lites very difficult. Interfering urinary pigments were also encountered 
by Romanoff ct al. (2) in the most polar fraction, despite preliminary frac- 
tionations on silica gel. 

Preliminary studies in our laboratories have shown that these pigments 
are adsorbed on charcoal. Although no data were presented, Zaffaroni 
has reported that charcoal adsorption was capable of producing artifacts 
and was not especially suitable for the quantitative recovery of ster- 
oids (3). The opinion that artifacts may be produced by adsorption of 
steroids on charcoal has also been expressed by others (4, 5). Finally, 
Meyer (6) has shown an approximately 14 per cent conversion of cortisone 
to adrenosterone after extraction from charcoal in a Soxhlet apparatus by 
methylene chloride, benzene, and ethyl acetate. He found only a 44 per 
cent recovery of cortisone after its adsorption from aqueous media by 
charcoal and subsequent elution in a Soxhlet apparatus with the above 
solvents. 

The elution of steroids from charcoal at room temperature with a num- 
ber of solvent systems was investigated. A solution of 40 per cent benzene 
in absolute ethyl alcohol (volume per volume) proved to be the most 
satisfactory for the quantitative elution of steroidal substances (both 17- 
ketosteroids and corticosteroids) from charcoal. This could be accom- 
plished at room temperature with a minimal elution of the pigments as- 
sociated with urinary extracts. 

* This investigation was supported by the MacAndrews and Forbes Company, 
Camden, New Jersey, the American Urological Research Foundation, Ine., and the 
United States Public Health Service, grant C-2202. 
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It is the purpose of this publication to show (a) that charcoal can be used 


to remove the major portion of the urinary pigments which interfere with ; 
the usual chromatographic techniques, (b) that the steroids can be eluted | i 
quantitatively from charcoal at room temperature by use of the proper 3 
solvent system, and (c) that no steroidal artifacts are produced under the 
conditions described herein. 
EXPERIMENTAL ! 
| 
A urinary extract, prepared by the extraction of 8-glucuronidase-hy- — } ( 
drolyzed urine with methylene chloride (2), or known steroid was dissolved 3 
in 10 ml. of appropriate solvent (see below). 1 gm. of charcoal (Mal- | 
linckrodt, activated, N. I.) was added, and the whole contents of the | by 
flask were agitated at room temperature for 3 to 5 minutes. This amount | (1 
of charcoal was found to be sufficient to decolorize a 24 to 48 hour urinary | ha 
extract. The contents of the flask were then transferred quantitatively | ss 
| (by washing with additional solvent) to a 30 ml. sintered glass funnel and _ 
filtered under mild suction. The dropping rate from the filter was set at _ 
approximately 1 drop per second. In order to prevent the charcoal from al 


packing down, a mechanical stirrer was utilized to agitate the contents of 1 
the sintered glass funnel. The volume in the funnel was kept fairly con- 


stant (approximately 10 ml.) by the continuous addition of solvent until “e 
SO 

a specified amount (see below) was added. The eluates were then evapo- 
rated to dryness in a water bath at 40° under a stream of nitrogen or under _ ia 
vacuum. 
The steroids in the charcoal eluates were estimated by a combination sa 
of ultraviolet spectrophotometry (3) and colorimetric reactions, such as | ot 
the Zimmermann test (7) for 17-ketosteroids and the Porter-Silber (8) and — wal 
the blue tetrazolium (9) methods for corticosteroids. When possible, more vi 


than one colorimetric reaction was performed on the eluates in addition to 
ultraviolet spectrophotometry. For example, Kendall’s Compound and 
Compound F and Reichstein’s Compound 8 were estimated by the Por- 


ter-Silber reaction, blue tetrazolium reaction, and ultraviolet spectropho- 4 . 
tometry. Androstenedione was estimated by the Zimmermann reaction on 
and ultraviolet spectrophotometry, ete. A blank obtained by the elution 
of the same amount of charcoal without added steroid was used in every | sli 
determination. In general, excellent agreement was found among the dif- _ of. 
ferent methods. Each recovery value represents the average of at least F 
two experiments. 
Results mis 

Th 

In one experiment, a study was made on the elution of steroids from i. 
charcoal with ethyl acetate. The known steroid was dissolved in 10 ml. obt 


| 
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of ethyl acetate and 1 gm. of charcoal was added. The contents were 
transferred to a sintered glass funnel and eluted with ethyl acetate. The 
eluates were collected in two 50 ml. fractions. Although etiocholane- 
3a-ol-11,17-dione and etiocholane-3a,118-diol-17-one were eluted almost 
quantitatively, dehydroepiandrosterone acetate, testosterone, and Ken- 
dall’s Compound E were not eluted. 

‘ In a second experiment, the elution of steroids from charcoal first by 
50 ml. of absolute ethyl alcohol and then by 50 ml. of methanol-chloroform 
(1:1) was studied. Again etiocholane-3a-ol-11,17-dione and etiocholane- 
3a,118-diol-17-one were quantitatively recovered. Dehydroepiandroster- 
one acetate and testosterone were not eluted with absolute ethyl alcohol, 
but were recovered to a certain extent by elution with CH;0H:CHCI; 
(1:1). Only half of deoxycorticosterone was recovered by elution with 50 
ml. of CH;0H:CHCl;. Compound E was completely recovered, but here 
again all appeared in Fraction II or the CH;0H:CHCl; eluate. 

In a third experiment, CH;0H:CHCl; (1:1) was used as the eluting 
solvent. It was found that, with the exception of deoxycorticosterone, 
all the steroids listed above were quantitatively eluted from charcoal with 
100 ml. of CH;0H:CHCl; (1:1). The recovery of deoxycorticosterone 
could not be increased even by adding a third 50 ml. fraction of the same 
solvent. 

Subsequent experimentation indicated that deoxycorticosterone could 
be recovered quantitatively from charcoal by a solution of benzene in 
absolute ethyl alcohol. The per cent recovery was proportional to the con- 
centration of benzene. A concentration of 5 per cent benzene in absolute 
ethyl alcohol (volume per volume) gave absolutely no recovery with 150 
ml. of solvent. A solution of 25 per cent benzene in absolute ethyl alcohol 
yielded a 48 per cent recovery, while with 40 per cent benzene 99 per cent 
was recovered with 150 ml. of solvent. 

The results of a series of recovery experiments with the latter system are 
presented in Table I. The steroid was dissolved in 10 ml. of 40 per cent 
benzene in absolute alcohol, 1 gm. of charcoal was added, and the mixture 
was transferred to a sintered glass funnel and eluted with the same sol- 
vent. It can be seen that androsterone, dehydroepiandrosterone, etio- 
cholane-3a-ol-11 ,17-dione, etiocholane-3a , | 13-diol-17-one, A*-pregnene-17a- 
ol-3 ,20-dione, Reichstein’s Compound 8, Compound E, and Compound 
F are quantitatively eluted with 100 ml. of solvent. On the other hand, 
A‘-androstene-3 ,17-dione, deoxyecorticosterone, progesterone, and the 
mixture of steroids necessitated 150 ml. of solvent for quantitative elution. 
The data in Table I also show that increasing the level of steroid from 1 to 
4 mg. does not decrease the per cent recovery. Since good results were 
obtained with this system, it was decided to fix the concentration of ben- 
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zene in absolute alcohol at 40 per cent. It is possible that the steroids 
may be eluted with smaller volumes of solvent if the concentration of 
benzene is increased. However, this is undesirable, since higher concen- 
trations of benzene cause elution of the pigments found in urinary extracts. 


TABLE I 
Elution of Steroids from Charcoal with 40 Per Cent Benzene in Absolute Ethyl Alcohol 


Per cent recovery 


= 
Androsterone............... 4.2 102.0 
Dehydroepiandrosterone. .. . 1.0 90.0 9.6 99.6 
A*-Androstene-3, 17-dione.... 1.0 53.8 29.5 17.3 100.6 
a ae 4.0 66.1 24.2 8.9 99.2 
Etiocholane-3a-o]-11, 17- 
1.0 99.0 2.4 101.4 
Etiocholane-3a, 118-diol-17- 
Promesterome...............- 1.0 48.7 28.6 18.1 95.4 
4.0 64.5 23.0 12.5 100.0 
Deoxycorticosterone......... 1.0 51.7 31.7 15.9 99.3 
2.0 50.6 28 .6 13.4 92.6 
4.0 69.2 17.6 8.6 95.4 
Reichstein’s Compound §... 10 85.8 15.5 101.3 
@................ 1.0 | 18.5 100.5 
4.0 100.7 100.7 
A‘-Pregnene-17a-ol-3, 20- | | | 
10 | 89.5 | 13.8 103.3 
1.0 69.5t | 17.5f 7.27 | 94.2T 


* Deoxycorticosterone, A*t-androstene-3,17-dione, progesterone, Compound 


Compound E, and Compound F. 
+ Average. 


The amount of color which was removed from the urinary extracts by 
charcoal treatment and elution was also determined. This was done by 
dissolving the urinary extract In a known volume of absolute ethyl alco- 
hol and reading the optical density on a model 6A Coleman spectropho- 
tometer from 400 to 600 my. The same extract was then subjected to 
charcoal treatment as described previously. The charcoal eluate was 
evaporated to dryness in a water bath at 40° under a stream of nitrogen 
and then dissolved in the same amount of absolute ethyl alcohol that was 
used before charcoal treatment. Again the optical density was read from 
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400 to 600 my against a blank of absolute ethyl alcohol with the same spec- 
trophotometer. 

In Table II are presented data on the average per cent removal of pig- 
ments from six 24 hour urinary extracts of six different individuals by this 
treatment. The per cent removal of pigment was assumed to be the same 
as the per cent decrease in optical density which resulted from the treat- 
ment with charcoal. 

It can be seen that there is a preferential removal of pigments which 
absorb light of higher wave-length. The amount of pigment removed 


TABLE II 
Per Cent Pigment Removed from Urinary Extracts after Treatment with Charcoal 

Wave-length | Pigment removed* 
my | per cent 
400 | 53.8 + 3.9T 
420 | 62.2 + 2.0 
440 | 67.3 + 1.9 
460 71.7 + 1.4 
480 75.3 + 1.4 
500 79.3 + 1.8 
520 82.4 + 2.3 
540 83.8 + 2.7 
560 87.7 + 2.8 
580 | 87.1 + 1.7 
600 86.7 + 1.7 


* These figures represent the averages of six 24 hour urinary extracts (2) from six 
individuals. 

t Mean + standard error, where s.e. = +/2d?/n(n — 1), where d is the deviation 
from the mean and n is the number of determinations. 


increases gradually with the wave-length until a peak of approximately 87 
per cent is reached between 560 and 600 my. Using known chromato- 
graphic systems (2) for urinary extracts, we have in the past found a seri- 
ous interference by pigments which run with steroidal substances and 
range from all shades of red to blue in color. Charcoal treatment. of 
urinary extracts eliminates this problem. 

Although we were eluting the steroids from charcoal at room tempera- 
ture, we wished to be sure that Compound FE was not converted to adrenos- 
terone under our conditions. Such a conversion had already been ruled 
out, since we were getting quantitative recovery of Compound FE, Com- 
pound I’, and Compound 8 on the basis of the Porter-Silber (8) and the 
blue tetrazolium (9) color reactions. The a-ketol side chain at C-17 is 
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essential for these color reactions, and therefore oxidation could not have 
oecurred at C-17. 

Nevertheless, 4 mg. of Compound E were adsorbed on 1 gm. of charcoal 
from 10 ml. of 40 per cent benzene in absolute ethyl alcohol and then 
eluted by 100 ml. of the same solvent. The eluate was evaporated to 
dryness in a water bath at 40° under a fine stream of nitrogen. Aliquots 
were taken for estimation by the Porter-Silber and blue tetrazolium reac- 
tions, both of which indicated complete quantitative recovery of the a- 
ketol. The remainder of the eluate was divided into five equal parts and 
chromatographed on paper in toluene saturated with propylene glycol (1) 


TaBLe III 
Recovery of Steroids of Urinary Extracts after Treatment with Charcoal 


| Total before Total after 
Fraction determination charcoal | charcoal [Per cent recovery 
meg me 
B 69.3 69.8 100.7 
A oe 2 15.1 14.9 98.8 
B ae 2 4.2 4.3 102.3 
C Zimmermann S 23.0 23.0 96.6 
D 8 4.2 4.2 100.0 
C - 2 2.9 2.8 96.5 
D ig 2 1.5 1.5 100.0 
C 4 18.8 18.1 96.2 
D ” 4 6.9 6.4 92.8 


* Formaldehydogenic steroid determination (11). 


for periods of 3, 6, 16, 27, and 48 hours, respectively. In every case, only 
one spot could be detected under the ultraviolet (Mineralight) lamp and 
by the blue tetrazolium reaction. This spot was definitely established 
to be that of cortisone from its running rate as compared to that of the 
original standard and from the adsorption spectrum of the sulfuric acid 
chromogen (10) of the eluted spot. In every case, negative results were 
obtained when the paper strips were checked for the presence of 17-ketos- 
teroids by the Zimmermann reaction. The run-offs from the above pa- 
per chromatograms were also checked for ultraviolet-absorbing and Zim- 
mermann-reacting material. Again the results were negative. These 
observations are fairly convincing evidence that cortisone is not degraded 
to adrenosterone under the conditions of charcoal adsorption and elution 
described in this paper. 

The final test for this system was its application to urinary extracts. 
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Twenty-four hour urine collections of an adrenalectomized patient (main- 
tained on cortisone) were hydrolyzed with 8-glucuronidase (2). Extracts 
were prepared and separated on silica gel into the most polar (Fraction A), 
the more polar (Fraction B), and the less polar (Fraction C) fractions by 
the methods described by Romanoff ct al. (2). A fourth fraction, here 
called Fraction 1), consists of the first benzene and benzene-ether (2:1) 
eluates from the silica gel. In Table III are presented some data on the 
recovery of these fractions from charcoal. 

It can be seen that the recoveries are excellent both in the more polar 
and most polar fractions containing the bulk of the formaldehydogenic 
steroids and in the less polar fractions containing the bulk of the 17-ketos- 
teroids. The data of Table III are typical of a great number of similar 
determinations routinely performed in our laboratories. 


DISCUSSION 


A simple method has been presented whereby the major portion of the 
urinary pigments, which interfere with paper chromatographic techniques, 
can be removed. ‘This technique comprises treatment of a solution of the 
urinary extract in benzene-absolute ethyl alcohol (2:3) with charcoal, fol- 
lowed by elution with the same solvent. Although free of pigments, these 
eluates have an amber color which remains at the base-line of applica- 
tion on the filter paper in the usual chromatographic systems employed for. 
the separation of steroids. ‘Therefore, this method has found extreme use- 
fulness in our laboratories in conjunction with paper chromatography 
of urinary extracts. Previously, urinary extracts had to be chromato- 
graphed, eluted, and rechromatographed several times before sufficiently 
clean paper strips were obtained which could be examined further by con- 
ventional methods (1). This was a time-consuming and costly operation, 
especially when a large number of extracts had to be processed. 

We have also shown that steroids can be eluted from charcoal at room 
temperature without the use of heat, as required by Soxhlet extraction. 
This is extremely important, since Meyer (6) has reported that Soxhlet 
extraction of cortisone from charcoal leads to artifact formation, while we 
have found that elution at room temperature does not. 

Since the elution of steroids from charcoal under our conditions is a 
quantitative process, in addition to the decolorization of urinary extracts, 
this method may find wide application when charcoal is used as an extract- 
ing tool. We have also found this technique extremely useful in purifying 
or removing the pigments from bulk collections (comprising 2 to 4 weeks) 
of urinary extracts. After such treatment, these extracts appear as crys- 
talline steroid mixtures, and this simplifies tremendously the problem of 
separation by column chromatography. 
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SUMMARY 


This investigation has shown that charcoal (Mallinckrodt, activated, 
N. F.) can be used to remove the major portion of the urinary pigments 
which interfere with the usual chromatographic techniques used in the 
separation of steroidal substances. Recovery experiments with crystal- 
line steroids have demonstrated that they can be eluted quantitatively 
from charcoal at room temperature by a solution of 40 per cent benzene 
in absolute ethyl alcohol. Data have been presented to show that steroidal 
artifacts are not produced under the conditions described herein. 

The possible applications of this method are discussed. 


The authors are extremely grateful to Mrs. Betty Boutis for her able 
technical assistance. We also express our appreciation to Dr. H. F. Hail- 
man of The Upjohn Company for samples of Compound E, Compound F, 
and A‘-androstene-3 ,17-dione; to Dr. Frank A. Travers of Ciba Pharma- 
ceutical Products, Inc., for samples of progesterone, deoxycorticosterone, 
testosterone, and Reichstein’s Compound §; and to Dr. I. V. Sollins of 
Chas. Pfizer and Company Inc., for A‘-pregnene-17a-ol-3 ,20-dione. 
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PROTEINS IN MULTIPLE MYELOMA 
III. ORIGIN OF BENCE-JONES PROTEIN* 


By FRANK W. PUTNAM ano SARAH HARDY 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, June 28, 1954) 


Multiple myeloma is of biochemical interest because the profuse synthe- 
sis and the diverse nature of the proteins elaborated by different patients 
represent one of the most profound alterations in protein metabolism yet 
encountered. ‘This disease of unknown etiology is generally classified with 
the tumors. It is believed to affect the plasma cells that are implicated in 
globulin synthesis and antibody production. Multiple myeloma results in 
any one or more of three aberrations in protein metabolism: (1) the pro- 
duction of anomalous serum globulins, (2) the excretion of characteristic 
urinary (Bence-Jones) proteins, and (3) the deposition of protein in the 
tissues (paramyloidosis) (1). The proteinuria occurs more commonly in 
the absence of hyperglobulinemia than in its presence. The origin of the 
Bence-Jones protein is uncertain but has been ascribed to renal cleavage of 
myeloma globulins (2, 3) or degradation of tissue proteins. Physicochemi- 
cal characterization (4, 5) and end-group analysis (6) have established that 
there are different types of myeloma globulins and of Bence-Jones proteins, 
but have failed to elucidate their relationship to each other and to normal 
serum proteins. Investigation with isotopic tracers of the rate of synthe- 
sis and possible precursor relationships of myeloma globulins and Bence- 
Jones proteins has therefore been undertaken (7, 8). 

For the present study labeled glycine, NH2CH2C"OOH, was given to a 
patient whose serum contained 5 gm. per cent of an abnormal ‘“8’’-globulin, 
and who excreted 1 to 2 gm. of Bence-Jones protein daily. The abnormal 
globulin and the urinary protein were isolated from samples taken over a 
period of 50 days, and the purity of the fractions was ascertained by elec- 
trophoretic and ultracentrifugal analyses. ‘The proteins were hydrolyzed, 
and glycine was separated chromatographically. The C® content of the 
carboxyl carbon was estimated in the mass spectrometer. From the time 
course of the C™ decline, it is concluded that the rates of synthesis of the 
two pathological proteins are independent and that the urinary protein is 
not derived from any known serum or tissue protein. Although the half 
life of the myeloma globulin was possibly longer than that of normal serum 


* Aided by a research grant (No. C-1331-C3) of the National Cancer Institute, 
National Institutes of Health, United States Public Health Service. 
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proteins, the Bence-Jones protein was apparently synthesized de novo and 
was excreted almost as rapidly as it was formed. 


EXPERIMENTAL 


Methods and Procedurcs—-By the method of Sakami et al. (9), NH2CH2- 
C8Q0OH was prepared! in a vield of 55 per cent with the use of KC™N 
containing 58.8 atom per cent excess C™. The product was tested for 
toxicity in mice and found to be innocuous at levels up to 25 times the 
dosage given to the patient (77 mg. per kilo of body weight).2, The serum 
proteins were fractionated and the urinary protein was isolated as later 
described. Electrophoretic and ultracentrifugal analyses of representative 
samples were performed as before (4, 5). To avoid dilution of the C®, to 
facilitate comparison of the isotopic abundance of the two pathological 
proteins irrespective of their glycine content, and to overcome the effect 
of metabolic labeling of serine,’ the proteins were hydrolyzed and the gly- 
cine was separated chromatographically. Duplicate samples were decar- 
boxylated with ninhydrin at pH 6.7 (11). Nitrogen was passed through 
the solution at 100°, and the CO, was collected in Ba(OH),. The barium 
carbonate was converted to COs, and the C"™ concentration was determined 
in the mass spectrometer. 

For the isolation of the glycine, 200 to 250 mg. of the purified Bence- 
Jones protein or myeloma globulin and up to 500 mg. of the serum albumin 
were hydrolyzed by autoclaving for 15 hours with 6 N HCl in sealed tubes. 
The hydrolysates were decolorized with charcoal, filtered, concentrated, 
and then adsorbed on 2.2 & 60 ¢m. columns of Dowex 50, 200 to 500 mesh. 
The amino acids were eluted with 2.5 n HCl, and their concentration was 
estimated by the colorimetric ninhydrin method (12, 13). Glycine was 
recovered in the eluate from the fraction between 350 and 380 ml. 

The total N of the 24 hour urine samples was measured by Kjeldahl 
analysis; protein N was determined on the washed precipitate obtained 
after addition of an equal volume of 10 per cent trichloroacetic acid. ‘The 
methods for the N-terminal amino acid analysis of the myeloma globulin 
and the Bence-Jones protein have been indicated (6) and will be published 
separately. 

Case History*—The subject (G. M.) was a male, aged 53, who had been 

1 Synthesized by Dr. Charles Gilvarg. 

2 Toxicity tests were kindly performed by Dr. Robert Feinstein. 

3 The Bence-Jones protein and the myeloma globulin both had a glycine content 
of 3.6 per cent compared to 1.6 per cent and 4.2 per cent reported for human serum 
albumin and y-globulin, respectively (10). 

4We are greatly indebted to Dr. Steven O. Schwartz and Dr. Robert Lebow of 
the Hektoen Institute for Medical Research of the Cook County Hospital, Chicago, 
Illinois, for generous cooperation, care of the patient, collection of all samples, and 
for the patient’s case history. 
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admitted to Cook County Hospital, Chicago, Illinois, with a brief history 
of hip and back pain and a weight loss of 40 pounds. The diagnosis of 
multiple myeloma was based on typical x-ray findings and examination of 
the bone marrow, and was consistent with the serum protein pattern and 
the excretion of Bence-Jones protein. ‘The x-rays showed general involve- 
ment of the rib cage, the spine, and pelvis, and revealed a pathological 
fracture of the femur. ‘There were no plasma cells in the peripheral blood, 
but the marrow was very hypercellular and almost entirely replaced by 
sheets of plasma cells. The laboratory findings before and after the ex- 
periment are summarized in Table I. Throughout hospitalization the 


TaBLe I 
Blood Findings for Subject G. M.on 1 Day before and 1 Month after 
Experiment* 
Before After 
Serum protein, gm. %........... 10.2 
Albumin-globulin (Ilowe)....... 0.42 
Klectrophoretie distribution of | Albumin 36.4; a,-globu- | Albumin 45.7, ai:-globu- 
lin 2.7, ae2- 3.8, B- lin 2.4, 3.4, B- 
53.2, y- 3.8 45.0, y- 5.1 
Hemoglobin, % of normal....... 55 78 
Erythrocytes (per e.mm.)....... 3 10° 4.5 X 10° 
Leucocytes (per ¢.mm.)......... 2350 1800 


* On admission, 2 months prior to the experiment, the hemoglobin was only 25 
per cent, the red cells were 1.5 X 10°, the white cells were 7350, albumin was 29.2 per 
cent of total serum protein, and 8-globulin was 56.8 per cent. On release, 6 weeks 
after the experiment, leucocytes had dropped to 850 and urethane was discontinued. 
2 months before the experiment the blood non-protein N was 40 mg. per cent. 


patient received 4 gm. of urethane daily. The drug produced marked phys- 
ical improvement and some relief of the anemia, but was eventually with- 
drawn because it provoked a leucopenia. At the end of the experiment 
the patient was still ambulatory and was in remarkably good condition, 
considering the extent of the disease. He survived 2 years. 

Protocol of E-xperiment*-—G. M. received 5.41 gm. of the labeled glycine. 
This was given orally in divided doses in gelatin capsules over a period of 
11 hours on the Ist day. All blood samples were drawn at 8 a.m., and 24 
hour urine collections were taken without catheterization from 8 a.m. of 1 
day to8 a.m, of the next, including the day of administration of the glycine. 
Because of the anemia, the blood samples had to be taken sparingly. 
Throughout the experiment the subject’s weight remained unchanged at 
70.5 kilos. 
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Results 


Electrophoretic analyses of the serum before and after the experiment 
are shown in Fig. 1, and the protein distribution in Table I. The most 
striking feature of the patterns is the sharp peak migrating with the mo- 
bility of B-globulin. Throughout the Ist week of the experiment this com- 
ponent comprised 53 per cent of the serum protein. 2 months later it had 
declined to 45 per cent, probably as the result of urethane therapy, which 
is known to depress myeloma protein synthesis (14). Since similar experi- 


Fic. 1. Electrophoretic diagrams of the serum and the globulin fraction of subject 
G. M.in Veronal buffer, pII 8.6, 0.1 ionic strength. Upper diagrams, serum 1 month 
before the start of the experiment; middle diagrams, serum 1 month after the experi- 
ment; lower diagrams, globulin fraction. A schlieren photograph of the starting 
boundary is superimposed on the patterns. 


mental results were obtained with a second patient not on urethane therapy 
(8), it is believed that the action of this drug does not affect the interpreta- 
tion of the isotopic data during the first few weeks of the experiment, 
during which time the serum protein distribution of G. M. remained un- 
changed. Ultracentrifugal analysis of the whole serum confirmed the 
albumin-globulin distribution. The sedimentation patterns revealed a 
sharp component with a sedimentation constant (sx) of about 8 Svedberg 
units (8); this peak is absent in normal serum and is identifiable with the 
abnormal globulin. Ultracentrifugal analysis by the method of Gofman 
et al. (15) indicated a low concentration of components in the flotation class 
“s, 20 to 30.” This suggests that the myeloma globulin was not a lipo- 
protein though it migrated electrophoretically in the 8 position. 
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After the Ist day the subject excreted an average of 8.2 + 1.1 gm. of N 
per 24 hours, of which approximately 3 per cent was protein N, correspond- 
ing to a daily output of 1 to 2 gm. of Bence-Jones protein. 

For physicochemical characterization and isotopic analysis, the serum 
proteins were isolated by salt fractionation since electrophoretic separation 
proved unsuitable. ‘The serum was adjusted to pH 6.5, and the 8-globulin 
was precipitated by slow addition of 2 volumes of 1.8 m (NH4)sSO4 and 
subsequent dialysis against the latter solution. The precipitate was cen- 
trifuged, washed with the salt solution, dialyzed free of sulfate ion, and 
lyophilized. ‘This rapid but crude procedure yielded a preparation that 
was 85 per gent 6-globulin but contained all the serum y-globulin. Ini- 
tially, the latter comprised only 3 per cent of the total serum protein. 
Electrophoretic analysis also revealed the presence of a small amount of 
serum albumin (Fig. 1). In the ultracentrifuge the 6-globulin split into 
two major components that had sedimentation constants of 6.2 8 and 8.8 
S, respectively (uncorrected for concentration). The ratio of the sharp 
fast peak to the slow peak was 1.6 and thus did not accord with the electro- 
phoretic distribution. This ratio could be altered by further fractionation 
or by dialysis against water to remove the euglobulin. Previous work (4) 
has shown that myeloma globulins of the 8 type may contain two sedi- 
menting components, the one with the s2 of normal y-globulin (6.65), the 
other with an seo of about 9 8; yet neither has the mobility of y-globulin 
at pH 8.6. To obtain the serum albumin, the supernatant fluid of the 
1.8 mM ammonium sulfate solution was adjusted to a concentration of 2 M. 
The precipitate was found free of globulin upon electrophoresis but con- 
tained a small amount of a more rapidly sedimenting component in the 
ultracentrifuge. 

The Bence-Jones protein was isolated by adjustment of the urine to pH 
5.2 and addition of solid ammonium sulfate with stirring to a concentration 
of 3m. The precipitate was dialyzed against water until free of sulfate ion 
and then was lyophilized. This protein was designated as Protein F in 
Paper IT of this series, in which may be found the electrophoresis diagram 
at pH 8.6, the mobility curve from pH 3 to pH 10, and the sedimentation 
data over the same pH range (5). Throughout the pH stability range (pH 
5 to 9) the protein migrated with a single component in electrophoresis and 
ultracentrifugation except for an impurity comprising 3 to 5 per cent. In 
Veronal buffer, pH 8.6, 0.1 ionic strength, it had an sx» of 3.08 S, and it 
migrated with a mobility of —3.37 10-5 volt! compared to a 
mobility of —3.07 10°° em. volt-' see! for the myeloma globulin. 
Despite the similarity in mobilities, the two pathological proteins could be 
differentiated by their sedimentation behavior and by their N-terminal 
groups. Like normal, human y-globulin, but unlike most myeloma globu- 
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lins so far studied (6), the abnormal serum globulin in this case contained 
both N-terminal aspartic and glutamic acids (1.3 and 1.7 moles, respec- 
tively, per 160,000 gm.). On the other hand, the Bence-Jones protein had 
2 moles of N-terminal aspartic acid per 40,000 gm. with only traces of V- 
terminal glutamic acid, glycine, and threonine. 

The isotopic data are given graphically in Fig. 2 in which the vertical 
bars represent the 24 hour urinary protein samples. 
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Fic. 2. Isotope concentration of the glycine carboxy] of Bence-Jones protein, serum 
albumin, and myeloma (MM) globulin as a function of time. The height of the 
vertical columns gives the values for the protein obtained from 24 hour specimens. 


DISCUSSION 


The most striking observation in this experiment is the high initial iso- 
topic concentration of the glycine of the Bence-Jones protein and the rapid 
rate of its decline. On the first 2 days, this glycine had a C™ concentration 
one-thirtieth that of the glycine administered. Higher values undoubtedly 
prevailed for a brief period. We have estimated that the labeled glycine 
was diluted by about 3 to 4 gm. of unlabeled dietary glycine and by about 
20 to 25 gm. synthesized by the body (calculated from data for the rat (16) 
adjusted for relative body surface area). In contrast to the situation with 
tissue proteins previously studied, it appears that the glycine of the Bence- 
Jones protein closely approaches the isotope concentration of the glycine 
pool. It is noteworthy that the rate of decline of the C™ concentration of 
the Bence-Jones glycine was almost identical with the decline in N™ con- 
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centration of urinary urea when N!5-glycine was fed to a normal subject 
(e.g., half time of about 18 hours) (17, 18). 

It is essential to recognize that the Bence-Jones protein is in fact an ex- 
cretory product and that the body pool of this protein must be small. This 
is indicated by the high initial isotopic concentration and its rapid de- 
cline, the small daily excretion, and the absence of physically detectable 
Bence-Jones protein in the circulation. Hence, the isotopic decline in 
the Bence-Jones protein is not a direct measure of turnover, but rather a 
complex function of synthesis, release into the circulation, renal clearance, 
and the activity of the glycine pool. The asymptotic shape of the curve 
after the Ist week is probably related to the return of labeled glycine into 
the body pool as the result of turnover of plasma and liver proteins (18). 

The C® abundance of the Bence-Jones protein initially exceeded that of 
the serum protein glycine 6-fold but subsequently was lower by one-half. 
This suggests clearly that, once the myeloma globulin is released into the 
circulation, it does not break down in the kidney or elsewhere to form 
Bence-Jones protein. A similar consideration applies to the serum albu- 
min. Although emaciation is characteristic of this disease, the Bence- 
Jones protein could not have arisen by degradation of normal tissue protein, 
for the isotopic data indicate de novo synthesis of the urinary protein.® 

If the Bence-Jones protein is not derived by degradation of the serum 
proteins, neither does it appear to be the sole immediate precursor of the 
myeloma globulin. Zilversmit et al. (19) and Reiner (20) have shown that 
in a homogeneous system (a) the isotope concentration of the single im- 
mediate precursor will at first be greater than that of the product and 
subsequently less than that product, and that (b) the specific activity 
curves of the precursor and product will cross when the specific activity of 
the product is at a maximum. Contrary to the latter criterion, the globu- 
lin curve reaches a maximum at about the same time as does the Bence- 
Jones curve and some 5 days prior to intersection with the latter. Thus, 
it would appear that the synthesis of the Bence-Jones protein and the syn- 
thesis of the myeloma globulin are independent processes. 

The turnover curves for the abnormal globulin and the serum albumin 
resemble the curves for serum proteins in normal human beings where the 
half time is approximately 10 days when N'*-glycine is used as a tracer 
(21).7 The myeloma (8) globulin has a half time of 17 to 20 days, some- 


*'The same situation would obtain if the Bence-Jones protein underwent rapid 
turnover as an intermediate in protein synthesis, and only a small aliquot was ex- 
ereted as a result of the pathology. 

° The half life of tissue proteins in man has been given as 158 days (17). 

7 The half life of the metabolically active fraction of the protein pool (total organ 
proteins) has recently been estimated as only 2.5 days when N!5-glycine was injected 
but only urea-N!'5 was analyzed (18). 
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what longer than that of the albumin, and more than twice as long as that 
suggested for B-globulin by London’s data (21). On this basis one might 
infer that the hyperproteinemia is due to accumulation of the myeloma 
globulin by virtue of its slow turnover rather than to rapid synthesis.2 Un- 
fortunately, probably owing to the complex nature of protein “turnover,” 
the data for neither the normal nor pathological state are sufficiently accu- 
rate to warrant this conclusion. 

This experiment reveals nothing about the site of synthesis or any physi- 
ological function of Bence-Jones protein. However, the results indicate 
that this protein arises by synthesis de novo and is apparently derived 
directly from the nitrogen pool rather than via any plasma or tissue protein 
precursor. Although the synthesis of the two abnormal proteins appears 
to be an independent process, the occurrence of a common precursor, of an 
additional precursor, or of a diluent of the product has not been excluded. 
An experiment with a patient who had different abnormal proteins and a 
graver clinical condition has given further evidence for the direct inter- 
action of Bence-Jones protein with the metabolic pool of nitrogen (22). 


SUMMARY 


The rate of protein synthesis has been studied by use of isotopic glycine 
in a patient with multiple myeloma who had an abnormal serum globulin 
and excreted a Bence-Jones protein. ‘The synthesis of the two abnormal 
proteins appeared to be an independent process. The Bence-Jones protein 
is rapidly excreted and is apparently derived directly from the nitrogen 
pool rather than via any plasma or tissue protein precursor. 
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§ From the rate of decline of C' concentration in the glycine of the Bence-Jones 
protein and the myeloma globulin and from the available data on plasma volume, 
hematocrit, plasma protein distribution, and urinary protein excretion, we have been 
able to make some calculations about protein synthesis in this subject. We estimate 
that G. M. synthesized and degraded 8 to 10 gm. of the myeloma globulin daily and 
that the amount of Bence-Jones protein present in the body at any one time was only 
about 2 gm. 10 times as much of the labeled administered glycine appeared in the 
myeloma globulin on the Ist day as was subsequently excreted in the urinary protein. 
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PROTEINS IN MULTIPLE MYELOMA 
IV. INTERACTION WITH METABOLIC NITROGEN* 


By SARAH HARDY ann FRANK W. PUTNAM 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, June 28, 1954) 


Previous isotopic study of plasma protein formation in a patient with 
multiple myeloma has failed to reveal any relationship in the synthesis of 
a heterogeneous, abnormal 6-globulin and a urinary (Bence-Jones) protein 
(2). Because of the wide variation in the plasma globulins and in the uri- 
nary proteins elaborated in this disease (3-5), it seemed desirable to extend 
the investigation to patients who produce pathological proteins of another 
type. Consequently, a subject was chosen who excreted a different Bence- 
Jones protein and whose abnormal serum protein was a physically homo- 
geneous cryoglobulin. The cryoglobulin had the mobility and molecular 
weight of normal human y-globulin but was distinguishable from it by the 
absence of glutamic acid as an amino end-group. Labeled dietary glycine, 
NHeCHeCOOH, was used in an attempt to ascertain the relationship be- 
tween the urinary protein and the metabolic pool of nitrogen. The labeled 
compound was incorporated with only a 6-fold dilution into Bence-Jones 
protein that was excreted on the 2nd day. The decline in isotopic concen- 
tration in the glycine of the excreted protein closely paralleled the decline 
in N'5in urinary urea and ammonia. These results indicate a nearly direct 
flow of metabolic nitrogen into the Bence-Jones protein and seem to ex- 
clude formation of the latter from any known tissue or circulating protein. 


EXPERIMENTAL 


Methods and Procedures—The method of Schoenheimer and Ratner (6) 
was used to prepare N'®5H.CH2COOH in a yield of 89 per cent from potas- 
sium phthalimide containing 33 atom per cent excess N'5. The product 
was tested for toxicity by intraperitoneal injection into mice at levels cor- 
responding to about 100, 20, and 5 times the dosage to be administered to 
the patient (0.46 gm. per kilo of body weight).!. At the highest level both 


* Aided by a research grant (No. C-1331-C3) of the National Cancer Institute, 
National Institutes of Health, United States Public Health Service. Presented in 
part at the meeting of the Federation of American Societies for Experimental Biology 
at Atlantic City, May, 1954 (1). 

! Toxicity tests were kindly performed by Dr. Robert Feinstein. 
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the N'5-labeled glycine and commercial glycine were fatal (7, 8). No dele- 
terious effect was observed at the lower doses. The serum proteins were 
fractionated, and the urinary protein was isolated as in the preceding 


paper (2), except that the y-globulin was precipitated by dialysis against e 
1.6 M ammonium sulfate instead of 1.8m. The supernatant fraction, con- | 
taining a- and 8-globulins and albumin, was precipitated at 2 Mm. Repre- “ 
sentative samples were analyzed in the electrophoretic apparatus and 
ultracentrifuge (3, 5), with a total of twenty analyses. ‘The proteins were 
hydrolyzed, and the glycine was separated chromatographically and esti- 
mated colorimetrically (9, 10). Nitrogen content and nitrogen partition 
of the urine were determined by the Kjeldahl method. The procedure for 
N-terminal amino acid analysis was modified from that of Sanger (11). 
N"® abundance was determined with the mass spectrometer. 
Case History?—The subject (W. A.) was a male, aged 70, who had been | 
admitted to Cook County Hospital, Chicago, Illinois, with a 2 month his- | 
tory of back pain, nocturia, polyuria, and a weight loss of 40 pounds. His | 
hemoglobin was 51 per cent of the normal value. The red blood cell count | 
was 2.61 million and the white cell count 5100. The bone marrow find- _ 
ings were compatible with multiple myeloma. X-rays of the skull and ~ 
spine revealed multiple small radiolucent areas, collapse of many of the | 
vertebrae of the thoracic and lumbar spine, and marked osteoporosis of 
the thoracic cage and left shoulder. A large amount of protein giving the 
typical Bence-Jones test appeared consistently in the urine. Total serum | 
protein was 9 gm. per cent, the albumin 4 per cent, and the globulin 5 per | 
cent. There was clinical evidence of uremia and kidney damage. On ad- — 
mission, blood non-protein nitrogen was 38 mg. per cent; a month before _ 
the experiment it rose to 64 mg. per cent. Creatinine was also elevated 
(2.8 mg. per cent). The patient received urethane for short intervals prior _ * 
to the experiment. At the start of the experiment he weighed only 100 
pounds, and he continued to lose weight. His condition worsened pro- E, 
gressively, and he died a month after the experiment was terminated. No | sc] 
autopsy was performed. mn 
Protocol?-—-W. A. received 20.94 gm. of N'°-labeled glycine containing 33 
atom per cent excess N!® (1.3 gm. of N!5) in divided doses on the Ist day 
of the experiment. Blood samples were withdrawn at 8.00 a.m. but had A ; 
to be discontinued after 2 weeks. Urine samples were taken up to 27 f 
days, but 24 hour urine specimens could not be obtained because of in- th 
continence. | 
| ch 
2? We are greatly indebted to Dr. Steven O. Schwartz and Dr. Robert Lebow of the | We 
Hektoen Institute for Medical Research of the Cook County Hospital, Chicago, | bu 
Ilinois, for generous cooperation, care of the patient, collection of all samples, and th 
for the patient’s case history. : nt 
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Results 


The electrophoretic diagram of the serum of W. A. and representative 
electrophoretic and ultracentrifugal diagrams of the Bence-Jones protein 
and the globulin fraction, all in 0.1 ionic strength, Veronal buffer, pH 8.6, 
are given in Fig. 1. Area analysis indicated that percentagewise the serum 


Fic. 1. Klectrophoretic and ultracentrifugal diagrams for the serum and urinary 
proteins obtained from subject W. A. All the experiments were performed in Veronal 
buffer, pI 8.6, 0.1 ionie strength. A, electrophoresis patterns of the serum; B and 
C, ultracentrifugal and electrophoresis diagrams of the purified eryoglobulin; D and 
E, ultracentrifugal and electrophoresis diagrams of the Bence-Jones protein. <A 
schlieren photograph of the starting boundary is superimposed upon the electropho- 
retic patterns. The direction of sedimentation is from right to left in the ultracentrif- 
ugal diagrams. 


protein distribution was as follows: albumin 30.1, a:-globulin 4.2, a-glob- 
ulin 6.8, B-globulin 11.4, y-globulin 47.5. It was noted that a precipitate 
formed when the serum was stored in the refrigerator but redissolved when 
the serum was warmed to room temperature. This property, which is 
characteristic of a eryoglobulin and found in only a few pathological sera, 
was also exhibited by a concentrated solution of the isolated protein in 
buffer. The cryoglobulin had the mobility and sedimentation constant of 
the y-globulin prepared by salt fractionation. Although a- and 8-globulins 
comprised 15 per cent of the “albumin” fraction, the purified eryoglobulin 
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was extremely homogeneous in electrophoretic and ultracentrifugal prop- 
erties. In the Veronal buffer it had a sedimentation constant (S20...) of 
6.33 Svedberg units (S) that, on extrapolation to infinite dilution, would 
correspond to the value of seo,. = 6.6 8 previously reported for normal 
human y-globulin (3). In one sample there was 5 per cent of a heavier 
component with a sedimentation constant of 9.65 5. The electrophoretic 
mobility in the Veronal buffer, pH 8.6, was —1.0 & 10-5 cm.? see! volt@'; 
in cacodylate buffer, pH 6.8, 0.1 ionic strength, the mobility was —0.75 
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DAYS 
Fic. 2. N‘5 concentration of urinary urea, of the glycine of the Bence-Jones protein, 
and of the glycine of the serum y-globulin (cryoglobulin) as a function of time. @, 
glycine of the albumin fraction. 


ATOM PER CENT EXCESS N'° (GLYCINE AMINO GROUP) 


We 


em.? volt-'. In several preparations 3 per cent of faster 
moving material was observed at pH 8.6 and from 0 to 15 per cent at pH 
6.8. The Bence-Jones protein also was quite homogeneous upon electro- 
phoresis and ultracentrifugation.2 About 97 per cent of the salt-precipi- 
tated protein migrated with a mobility of —2.24 volt"! 
in the Veronal buffer; the s20,,, (uncorrected for protein concentration) was 
2.1458. On the Ist day only 70 ml. of urine could be obtained, but subse- 
quent collections averaged about 400 ml. From 20 to 25 per cent of the 


3 At the time of admission, the urinary protein obtained by dialysis of the urine 
had 15 per cent of a slower component and yielded a higher 820, (2.66 5). 
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urinary N was protein N, and it was estimated that the subject excreted 
approximately 10 gm. of protein daily. 

Both the cryoglobulin and the Bence-Jones protein contained only as- 
partic acid in the N-terminal position. The cryoglobulin had 2.0 moles of 
N-terminal aspartic acid per 160,000 gm. It was devoid of other amino 
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ic. 3. Semilogarithmic plot of the N!® concentration of the urinary nitrogen 
fractions and of the glycine of the Bence-Jones protein and myeloma globulin. The 
dash lines denote a deviation from exponential decline. 


end-groups such as glutamic acid (present to the extent of from 1.0 to 1.7 
moles per 160,000 gm. in subfractions of normal pooled human y-globulin 
(12, 13)).. The Bence-Jones protein contained 1.0 mole of N-terminal as- 
partic acid per 26,000 gm. of protein; this value signifies a chain length 
approximately one-third as long as that in the cryoglobulin. 

Fig. 2 gives the isotopic data for the glycine of the Bence-Jones protein, 
the glycine of the eryoglobulin, and the N of urinary urea. It also has two 
values for the glycine of the protein fraction containing albumin and a- and 
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DISCUSSION 


Two factors indicate that nitrogen flows almost directly from the meta- 
bolic pool into Bence-Jones protein. The first is the high initial isotopic 
content of the urinary protein glycine that must have closely approached 
that of the glycine pool. Indeed, on the 2nd day the glycine of the ex- 
creted Bence-Jones protein had an isotopic abundance that was one-sixth 
that of the ingested labeled glycine. The second factor is the nearly con- 
stant relationship between the N'!® abundance of the Bence-Jones glycine 
and urinary urea N. On the 2nd day this ratio was 2.16; for the next 4 
days the values were 1.71, 1.66, 1.68, and 1.84. At all times, the N' con- 
centration of the urea exceeded that of ammonia and total N (see Fig. 3). 
Thus, by the time urine collections were begun, the excretion and deamina- 
tion of free labeled glycine were negligible.6 From the partition of urinary 
N and the glycine content of the Bence-Jones protein, it can be calculated 
that only about 4 per cent of the N' in the urine sample of the 2nd day 
was excreted as protein glycine. Assuming a daily excretion of 10 gm. of 
urea N, we estimated that about two-thirds of the ingested N'® was ex- 
creted via urea during the 5 days following the day of administration. 

The fact that the N'® concentration in the Bence-Jones glycine was only 
double that of urinary urea denotes a rapid equilibration of the large dose 
of labeled glycine with the body pool of N. The relative constancy of the 
ratio suggests that glycine peptides are not preferential intermediates in 
the biosynthesis of the Bence-Jones proteins. 

When the criteria of Zilversmit et al. (15) and of Reiner (16) are applied 
to the curves of Figs. 2 and 3, it becomes evident that neither the Bence- 
Jones protein nor the eryoglobulin is the sole direct intermediate in the 
formation of the other. Thus, we conclude that the urinary protein is not 
derived by renal degradation of the circulating cryoglobulin. Indeed, the 


*The N*5 concentration of the protein glycine and of the urinary non-protein 
nitrogen fractions obtained from the small urine sample of the Ist day ranged from 
only 0.01 to 0.03 atom per cent excess. Presumably, this specimen was obtained very 
early in the day. 

§’ On advice of the attending physician, the administration of sodium benzoate to 
obtain a measure of the activity of the glycine pool through hippuric acid was not 
undertaken. 

6 When normal subjects are given N!'5-labeled glycine at lower levels (10 mg. per 
kilo of body weight), the ammonia N!§ abundance exceeds that of urea for only a brief 
period (14). 


6-globulins.4. Because the time of urine collection was uncertain, all values — 
were plotted at the mid-point of the day. Some of these data together 
with the figures for urinary ammonia and total urinary N were plotted on 
a semilogarithmic basis (Fig. 3). 
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Bence-Jones protein appears to be synthesized independently of the plasma 
proteins. 

The isotopic content of the Bence-Jones protein is not a direct measure 
of turnover but rather a complex function of various physiological activi- 
ties including renal clearance. In this experiment, the half time of isotopic 
decline in the Bence-Jones protein glycine was about 1.8 days or double 
the half time found in the preceding experiment (2). The half time of 
decline in the N'* of the urinary non-protein nitrogen was, if anything, 
somewhat greater; ¢.c., about 2.5 days. When N!-labeled glycine is fed at 
lower levels to normal human subjects, the half time of N' decline in uri- 
nary urea is from 12 to 18 hours (14, 17). The delayed excretion in this 
subject is probably attributable to renal impairment (see ‘‘Case history’’).7 

Because only a few blood samples could be taken, the turnover time of 
the cryoglobulin could not be precisely determined. However, the nature 
of the curve given for the cryoglobulin in Fig. 2 suggests that the turnover 
rate of this protein is within the limits reported for plasma proteins (19). 
The non-linear nature of the curves for both the protein glycine and the 
non-protein N of the urine (Fig. 3) is probably a result of the return of N' 
to the nitrogen pool owing to turnover of plasma and tissue proteins. 

The same conclusions have been drawn regarding the leck of metabolic 
interaction of Bence-Jones protein and abnormal plasma proteins in two 
subjects despite a great difference in their physical condition, in their se- 
rum protein patterns, and in the nature of their urinary proteins. The 
first subject (2) was in nitrogen balance and excreted less than 2 gm. of 
Bence-Jones protein daily (3 per cent of his total urinary N). The subject 
of the present investigation was apparently in negative nitrogen balance; 
he excreted up to 25 per cent of his urinary N as protein N. The abnor- 
mal globulins of the two patients could be distinguished by their physical 
properties and by their content of N-terminal amino acids. The urinary 
proteins could also be differentiated by their physical constants. None 
the less, when the isotopic data for the two experiments are plotted on a 
scale that allows for the greater amount of isotope given in the present ex- 
periment, the curves for the urinary proteins are almost identical, and the 
curves for the two pathological globulins are closely alike. 


We are greatly indebted to H. 8. Anker for advice and interest in this 
experiment. 


7 The frequency of severe renal and urinary tract involvement in multiple my- 
eloma with the occurrence of pathological lesions has led to the designation of the 
“myeloma kidney”? (18). A definite relationship exists between the presence of 
Bence-Jones proteinuria and the incidence of renal insufficiency and severe uremia. 
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SUMMARY 


The biosynthesis of proteins in multiple myeloma has been investigated 
with N'-labeled glycine in a human subject with a plasma cryoglobulin 
who excreted a Bence-Jones protein. No evidence was found for the origin 
of the urinary protein from serum proteins or for any precursor relationship 
between the two abnormal proteins. The parallel decline in N' in the 
glycine of the urinary protein and in the urinary urea, ammonia, and total 
nitrogen indicates a direct interaction with the metabolic pool of nitrogen 
in the synthesis of Bence-Jones protein rather than the intervention of se- 
rum or tissue protein precursors. ‘The renal excretion of both non-protein 
nitrogen and protein was retarded, probably owing to kidney damage. 
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CHROMATOGRAPHY OF CARBOXYLIC ACIDS ON A SILICA 
GEL COLUMN WITH A BENZENE-ETHER SOLVENT 
SYSTEM* 


By DAVID 8. KINNORY, YOSHIRO TAKEDA,t anp 
DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, June 28, 1954) 


A number of methods have been developed for the separation of the 
acids of the tricarboxylic acid cycle by column chromatography (1-12). 
Among the most frequently used are those in which columns of acidified 
silica gel and solvent systems composed of butyl alcohol and chloroform 
or of amyl alcohol and chloroform are employed for elution. Complete 
separation of all the component acids, however, is often not possible with 
these solvents. It is advantageous to have at one’s disposal several 
different chromatographic methods which, in combination with each 
other, may serve to separate those acids which are eluted together and, 
also, to confirm the identity of the acids studied. Furthermore, it appears 
desirable to extend the scope of these methods to make possible the simul- 
taneous determination of additional biologically important carboxylic acids 
in a single sample. 

In this paper, a chromatographic method is described in which a silica 
gel column is employed, with benzene and ethyl] ether as the solvent sys- 
tem. This procedure lends itself to the separation of the members of the 
tricarboxylic acid cycle and, also, of short chain carboxylic acids and 
a-keto acids. The solvent pair, benzene and ethyl ether, has several] 
advantages over butyl or amyl alcohol and chloroform, since it prevents 
esterification of the carboxylic acids and gives sharp peaks on the elution 
curve and good separations of most of the acids tested, especially of suc- 
cinie and lactic acids,' which are difficult to separate on either the chloro- 
form-butanol or chloroform-pentanol chromatogram. 


EXPERIMENTAL 


8.8 gm. of Mallinckrodt’s silicic acid (specially prepared for chromato- 
graphic analysis), treated according to the procedure of Bulen et al. (10), 


* Aided by research grants from the American Heart Association, the National 
Cancer Institute, and the Cancer Research Funds of the University of California. 

t On leave from the Institute for Microbial Diseases, Osaka University, Osaka, 
Japan. 

1 A separation of these two acids has been obtained with benzene-n-butanol mix- 
tures, but this solvent pair is less desirable otherwise (13). 
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were placed in a mortar and thoroughly ground with 5.4 ml. of a 0.05 x 
H.SO, solution until a finely divided powder was obtained. 45 ml. of 
chloroform, saturated with 0.05 n HSO,, were then added in several 
portions, and the grinding was continued until a smooth, lump-free suspen- 
sion resulted. The silica gel suspension was poured into a 50 ml. burette 
(1.1 cm. in diameter) provided with a plug of tightly pressed glass wool at 
the bottom. The burette was immediately rotated between the hands to 
remove any air bubbles which might have been trapped between the 
particles of the gel. The column was then allowed to settle. Any silica 
gel that had remained on the sides of the burette was removed by suction 
with a piece of glass tubing attached to the vacuum line. When the last 
drop of chloroform had passed into the column (the column must not be 
allowed to become dry, since it is apt to crack), benzene, saturated with 
0.05 n H2SOu,, was carefully pipetted down the sides of the burette without 
disturbing the surface of the column. 100 ml. of benzene, saturated with 
0.05 Nn HSO,, were allowed to pass through the silica gel to pack the col- 
umn. 

The aqueous solution of the known acids was applied to the top of the 
silica gel column by absorbing the solution on a disk, punched out from 
Whatman ashless filter paper tablets and dried for 10 minutes at 110°. 
The disk had a diameter just smaller than that of the burette used for the 
silica gel column. The filter paper tablet was speared with a tungsten 
needle fused into a long piece of glass tubing, which was surrounded by a 
slightly larger glass tubing sheath. The whole assembly was then intro- 
duced into the burette, and the tablet was carefully released about 5 mm. 
above the top of the silica gel column.2, Two small glass beads served to 
weigh down the filter paper tablet. They were picked up with a glass 
tube attached to the vacuum line and released on top of the tablet. 

For the elution of the acids, the solvent dispenser described by Donald- 
son et al. (7) was used with a mixing vessel containing 350 ml. of benzene, 
saturated with 0.05 x H.SO,. The long stem separatory funnel of the 
dispenser was filled with ethyl ether, saturated with 0.05 ~n HeSOy. When 
the effluent flowed from the burette, a fall in pressure was created within 
the system, which was relieved by solvent delivered from the mixing 
vessel to the burette and caused the ether in the separatory funnel to flow 
into the mixing vessel. Because of the difference between the densities of 
ether and benzene, mixing of the ether entering from the separatory funnel 
and of the benzene in the mixing vessel was obtained by the time the 
solvent was delivered to the burette. As a result, the ether concentration 
in the solution entering the burette increased gradually. 


* While this work was in progress, a similar procedure was described by Zbinovsky 
and Burris (14). 
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The effluent was collected with a Technicon fraction collector in test- 
tubes containing 1 ml. of water. The first 200 test-tubes were allowed to 
receive 2.0 ml. and those above 200, 4.0 ml. of the effluent. The acid 
fractions were located with methyl red and titrated with 0.001 N NaOH 
(freshly prepared from a more concentrated, CQO:2-free solution), with 
phenol red as indicator. Methyl red did not interfere with the readability 
of the phenol red end-point. During titration, the test-tubes were stirred 
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Fic. 1. Typical chromatogram of a mixture of known acids. The first 200 tubes 
contained 2.0 ml. and those above 200, 4.0 ml. of the effluent. In subsequent experi- 
ments it was determined that cis-aconitic acid comes out together with succinic 
acid, but is separable from lactic acid. The position of isocitric acid is very close to 
that of citric acid and the two cannot be separated from each other by this solvent 
mixture. Aspartic and glutamic acids were not eluted in experiments carried to 
400 fractions. 


with CO.-free air to extract the acids from the organic into the aqueous 
phase. 


RESULTS AND DISCUSSION 


The sequence of elution of the acids was determined by chromatograph- 
ing known acids, singly, in pairs, and in larger groups. The individual 
acid fractions were further identified by paper chromatography (15, 16), 
column chromatography (10), and by specific reactions (17). <A typical 
chromatogram of a mixture of known acids is presented in Fig. 1, which 
indicates the titration values and the relative positions of the eluted acids. 
The acids studied are eluted in relatively narrow zones, and the separation 
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between them is quite distinct. Recoveries of the acids, reported in 
Table I, seem to vary with the individual acids, but on the whole are 
satisfactory. The sensitivity of the method permits detection of quanti- 
ties as small as 2 weq. of each acid, and quantities as high as 65 yeq. were 
eluted in a narrow and sharp peak of five 2 ml. fractions. The absorption 
of the aqueous acid mixture on a filter paper disk, prior to the application 
to the column, permits the separation of organic acids in biological mate- 
rials without transfer to an organic phase. 

The chromatographic method described has been applied in this labora- 
tory to the study of the intermediary metabolism of C'*-labeled amino 
acids and other metabolites. In radioisotope work, this method lends 


TABLE I 


Average Recoveries of Carboxylic Acids from Known Mixtures 


| 


Acid | Added | Recovered Recovery 

moles pmoles per cent 
4.44 4.36 | 98.1 
Propionic odes 4.14 3.98 | 96.2 
4.2] 3.50 | 83.1 
Acetic 4.83 4.78 | 99.0) 
2.40 2.26 | 94.2 
3.80 3.43 | 90.3 
Lactic. . | 4.12 3.87 | 94.3 
2.30 1.86 80.9 

4 


5.04 40 | 87.3 


itself not only to the isolation of chemically pure carboxylic acids from 
biological systems, but also to the identification of these acids. If, prior 
to the application of the sample on the column, known acids are added to 
the biological material containing only negligibly small titratable amounts 
of radioactive acid intermediates, the titration curves obtained from the 
collected fractions are due to the added known acids, while the radio- 
activity curves indicate the metabolites of the compound under study. 
The coincidence of both establishes the identical properties of the corres- 
ponding compounds with respect to their solubilities in the partition 
chromatography used. 


SUMMARY 


A column chromatographic method is described in which 0.05 x H.SO,; 
on silica gel is used as the stationary phase and a benzene-ethyl ether 
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mixture as the solvent system. This procedure successfully separates the 
tri- and dicarboxylic acids, citric, a-ketoglutaric, succinic, fumaric, and 
malic, the short chain monocarboxylic acids, acetic, propionic, and butyric, 
the a-keto acids, pyruvic, a-ketobutyric, and a-ketoisovaleric, and also 
lactic acid. The recoveries of the acids range from 80 to 100 per cent, 
most of them being over 90 per cent. The positions of the individual 
acid peaks on the chromatogram are reproducible. 
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ISOTOPE STUDIES ON THE METABOLISM OF VALINE* 


By DAVID 8. KINNORY, YOSHIRO TAKEDA,f 
DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, June 28, 1954) 


Previous information on the catabolism of valine has been obtained by 
taking advantage, for the most part, of the gluconeogenic property of 
valine and using glucose as an indicator of its intermediary metabolism. 
Thus, Rose et al. (1) reported that valine and a-ketoisovaleric acid have 
similar gluconeogenic effects, both contributing 3 of their carbon atoms to 
glucose formation in phlorizinized dogs. Previously, Ringer and coworkers 
(2) had observed that isobutyric acid, the decarboxylation product of 
a-ketoisovaleric acid, also furnishes 3 carbon atoms to the formation of 
glucose. Studies in which isotopically labeled valine was administered to 
fasted rats, and the glycogen isolated and degraded, confirmed the forma- 
tion of a 3-carbon intermediate, which was presumed to be propionic 
acid (3). 

The investigation described in the present paper was undertaken in 
order to obtain direct evidence regarding the nature of the intermediates 
of valine oxidation. Using pi-valine-4,4’-C™, we have been able to isolate 
and identify labeled a-ketoisovaleric, isobutyric, and propionic acids by 
chromatographic means. Evidence has also been obtained which indi- 
cates that carbon atoms 3, 4, and 4’ of valine give rise to propionic acid 
and that the conversion of isobutyric acid to propionic acid proceeds by 
way of 6-hydroxyisobutyric acid and the removal of its carboxyl group.’ 


EXPERIMENTAL 


Incubation in Vitro—The homogenates were prepared by excising the 
livers of decapitated rats as quickly as possible and homogenizing them in 
2 volumes of aerated, ice-cold 0.9 per cent KCl in a loose fitting Potter- 
Elvehjem glass homogenizer, chilled in an ice bath. The piston was al- 
lowed to work no longer than 1 minute, during which time the mixture 
was adjusted every few seconds with KOH to pH 7.3. The gross tissue 


* Aided by research grants from the American Heart Association, the National 
Cancer Institute, and the Cancer Research Funds of the University of California. 

+t On leave from the Institute for Microbial Diseases, Osaka University, Osaka, 
Japan. 

1 A preliminary report of this investigation has been presented (4). 
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residue was removed by centrifugation at 0° in the International refriger- 
ated centrifuge at 300 X g for 3 minutes. 

5 mg. of pi-valine-4,4’-C' ? (6.0 ue. per mg.) were incubated with 5 ml. 
of the liver homogenate for 2 hours at 38°. The incubation mixture was 
then deproteinized by the addition of 0.25 volume of 5 per cent metaphos- 
phorie acid, and, after centrifugation in the Spinco preparative ultracen- 
trifuge (at 80,700 X g, for 15 minutes), the supernatant solution was ad- 
justed to pH 8 with NaOH and the residual protein precipitated by the 
addition of 10 volumes of acetone. After evaporating the solution in 
vacuo to 0.5 ml., 10 ml. of a 33 per cent (by volume) acetone-alcohol mix- 
ture were added to precipitate most of the sodium metaphosphate. One- 
fourth of the supernatant solution was then evaporated to dryness in a 
vacuum desiccator. 5 to 10 umoles of each of the acids under study were 
added, to serve as carriers in the subsequent column chromatography, and 
the dry residue was dissolved and brought to pH 2.5 with dilute H.SO,. 
The aqueous solution was then absorbed on a disk punched from a What- 
man ashless filter paper tablet and placed on top of the silica gel column, 
as described previously (5). 

Experiments on Intact Animal—10 mg. of pi-valine-4,4’-C' (6.0 ue. per 
mg.) were dissolved in saline solution, the pH was adjusted to 7.3 with 
NaOH solution, the volume brought to 1 ml., and the solution injected 
intraperitoneally into a rat. After 10 minutes, the rat was decapitated and 
the liver excised as rapidly as possible and homogenized in ice-cold acetone 
in a Waring blendor. The homogenate was transferred to a tightly stop- 
pered flask and allowed to stand overnight in the refrigerator (6). The 
mixture was then centrifuged, adjusted to pH 8, and the solution evapo- 
rated to dryness. The fat was removed by repeated filtration during the 
evaporation process. The residue was then treated as described above, 
absorbed on a disk of filter paper, and applied to the top of the silica gel 
column. 

Chromatography on Silica Gel Column—The preparation of the silica gel 
column and the solvent dispenser used have been described previously (5). 
The effluent was collected with a Technicon fraction collector in 2.0 ml. 
fractions, which were received in test-tubes containing 1 ml. of water. 

Two different solvent systems were used to elute the acids. The first 
solvent system consisted of chloroform (in the mixing vessel) and of a 
1:1 (volume per volume) chloroform-tert-amyl alcohol mixture containing 
1 per cent distilled water and 0.8 per cent ethanol (in the separatory fun- 


2 pL-Valine-4,4’-C' was synthesized by R. Ostwald and B. Tolbert through a co- 
operative arrangement with the Bioorganic Group of the Radiation Laboratory, 
University of California. The preparation was tested for purity by column chroma- 
tography and by radioautography on paper. 
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nel). The second solvent system consisted of benzene (in the mixing 
vessel) and ether (in the separatory funnel). The chloroform, benzene, 
and ether were saturated with 0.05 N H2SO,. In the case of both solvent 
systems, the sequence and chromatographic positions of the acids used 
had previously been determined by chromatographing known acids singly, 
in pairs, and in larger groups and by paper chromatography and specific 
reactions. 

Radioactivity Measurements—For radioactivity measurements, the aque- 
ous phase, containing the salts of the acidic intermediates, was sepa- 
rated from the organic phase by means of a small separatory funnel and 
transferred to polyethylene planchets. 1 drop of 0.05 n NaOH solution 
was added to each planchet to provide an excess of base, and the solutions 
in the cups were evaporated to dryness under infra-red lamps. 

The carboxylic acid intermediates of valine-4,4’-C'™ were identified by 
comparing the radioactivity curves with the titration curves obtained 
from the collected fractions. 

Paper Chromatography—tThe isobutyric, 8-hydroxyisobutyric, and pro- 
pionic acid fractions isolated by silica gel chromatography were further 
identified by paper chromatography and radioautography with the solvent 
system suggested by Reid and Lederer (7). Whatman No. 1 paper was 
employed, which, prior to use, was washed according to the method of 
Kennedy and Barker (8). The chromatograms were, in most cases, 
developed for 48 hours, and the carboxylic acid spots were located by 
spraying the dried chromatograms with a 0.04 per cent alcoholic solution 
of bromophenol blue, the pH of which was adjusted to 5.0 with citric 
acid (9). To prevent the evaporation of the acids, the papers were then 
sprayed with 0.5 n NaOH, and radioautograms were prepared. 

The a-ketoisovaleric acid isolated by silica gel chromatography was 
converted to its 2,4-dinitrophenylhydrazone derivative (10), and after 
washing it with 2 N HCl the radioactivity was measured. The dry hydra- 
zone was then dissolved in 0.2 ml. of ethanol and neutralized with 0.3 ml. 
of 0.1 m phosphate buffer, pH 7.2 (11). Aliquots of this solution were 
used for paper chromatography (12) and radioautography. The yellow 
color of the 2,4-dinitrophenylhydrazone served as its own indicator. 

Identification of isobutyric, 8-hydroxyisobutyric, and propionic acids 
and of the 2,4-dinitrophenylhydrazone of a-ketoisovalerate was made by 
comparing the location of the color spots on the chromatograms with the 
radioactivity spots on the film. 

Degradation of Propionic Acid—The propionic acid, isolated by silica 
gel chromatography from the incubation of piL-valine-4,4’-C™ with rat 
liver homogenate, was rechromatographed and degraded stepwise by 
Phares’ modification of the Schmidt method (13). An aliquot of the 
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propionic acid was totally ashed by the Van Slyke-Folch wet oxidation 
method (14). In all cases, the CO2 evolved was trapped in NaOH and 
precipitated as BaCOs; prior to plating. 


RESULTS AND DISCUSSION 


The pertinent data appear in Figs. 1 to 5 and Tables I and II. As with 
most other amino acids, the catabolism of valine is initiated by removal 
of its amino group to yield a-ketoisovaleric acid. 1-Valine readily under- 
goes transamination (15) and is slowly attacked by L-amino acid oxidase 
(16), while the unnatural p-valine is readily attacked by p-amino acid 
oxidase (17). Administration of pL-valine to rats suffering from experi- 
mental ketosis (18) and experiments with liver slices (19) have demon- 
strated the antiketogenic effect of pL-valine. The gluconeogenic property 
of pL-valine was shown when its administration to rats resulted in deposi- 
tion of hepatic glycogen (18) and its feeding to phlorizinized dogs gave 
rise to extra glucose in the urine equivalent to 3 of the 5 carbons of the 
amino acid (1). a@-Ketoisovaleric acid (1) and isobutyric acid (2), its 
decarboxylation product, also furnish 3 of their carbon atoms to the forma- 
tion of glucose. These observations led Rose and his associates (1) to 
suggest that valine is catabolized by way of a-ketoisovaleric and isobutyric 
acids. Propionic acid, which is glycogenic, was postulated as the 3-carbon 
intermediate arising from isobutyric acid, and Atchley (20) was able to 
demonstrate that this conversion is accomplished by the fatty acid-oxidiz- 
ing system occurring in liver and kidney. 

By incubating pi-valine-4,4’-C™ with rat liver homogenate and chro- 
matographing the aqueous extract of the incubation mixture on a silica gel 
column, with a benzene-ether mixture as the solvent system, we were 
able to isolate and identify labeled a-ketoisovaleric, isobutyric, and pro- 
pionic acids (Fig. 1). The identity of these three intermediates was 
confirmed when the aqueous extract of the incubation mixture was chro- 
matographed on a silica gel column, this time with a chloroform-tert-amy] 
alcohol mixture as the solvent (Fig. 2). Further characterization of the 
chromatographically isolated isobutyric and propionic acid fractions was 
made by paper chromatography and radioautography (Fig. 3, 4). The 
eluted a-ketoisovaleric acid was converted to its 2,4-dinitrophenylhydra- 
zone derivative, which was identified by paper chromatography and 
radioautography?® (Fig. 3, B). 

The formation of propionate in the intermediate metabolism of valine is 
in accord with the findings of Fones and coworkers (3, 21), who, after 
feeding labeled valine to fasted rats, determined the isotope distribution 
pattern in the glucose units of liver glycogen. Administration of L-valine- 


’ Unlabeled a-ketoisovaleric acid, employed as a reference standard, was kindly 
supplied by Dr. Alton Meister, National Cancer Institute. 
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Fic. 1. Silica gel column chromatogram of the aqueous extract obtained from the 


incubation of pL-valine-4,4’-C™ with rat liver homogenate. A benzene-ether mix- 
ture was used as the solvent system. The five minor peaks of radioactivity were 
not investigated. 
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Fic. 2. Silica gel column chromatogram of the aqueous extract obtained from the 


incubation of pL-valine-4,4’-C™ with rat liver homogenate. <A chloroform-tert-amy] 
alcohol mixture was used as the solvent system. 
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Fie. 3. Paper chromatograms and radioautograms of radioactive fractions iso- 
lated by silica gel column chromatography from the incubation of pL-valine-4, 4’-C™ ] 
with rat liver homogenate. The black spots indicate radioactivity, and the areas 
enclosed by the outlines show the location of the corresponding, unlabeled com- 
pounds, which were added for comparison. A, isobutyrie acid and propionic acid. , 
The ammonium salts of these acids were chromatographed by the descending method ( 
with an n-butanol-ammonium hydroxide solvent system. 2,4-dinitrophenyl- 
hydrazone of a-ketoisovalerie acid. The dry hydrazone was dissolved in 0.2 ml. of 
ethanol and neutralized with 0.3 ml. of 0.1 Mm phosphate buffer, pH 7.2. Aliquots of 
this solution were chromatographed by the descending method with a mixture of 


fert-amyl aleohol, ethyl aleohol, and water in the ratio 50:10:40 (by volume). C, : 
8-hydroxyisobutyric acid. The same method was used as in A. 
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3-C8 gave rise to glycogen having a relatively small content of excess C™% 
in carbon atoms 3 and 4, but a relatively high isotope concentration in 
carbons 2,5 and 1,6 of glucose (3). The average ratio of excess C® in the 
2,5 positions to that in the 1,6 positions was 1.13. This is in good agree- 
ment with the corresponding ratio of 1.1 found in glycogen deriving its 
label from the a-carbon atom of propionate fed to fasted rats (22). 

A priori, two mechanisms for the conversion of isobutyrie acid to pro- 
pionic acid appear to be plausible. The first would involve the removal 
of one of the terminal methyl groups of isobutyric acid, and the second, 
proposed by Atchley (20), would occur by the decarboxylation of isobutyric 
acid, one of its methyl groups becoming oxidized to form the carboxy] 
group of propionic acid. The possibility that methylmalonic acid is an 
intermediate in the conversion of isobutyric acid to propionic acid was 


* 

CH, 
CH—CH—COOH 
CH, NH; 
{ 
* 
CH, 


CH—C—COOH 


CH; O 


CHs 
CH—COOH 
CH; 
Expected findings if methyl Expected findings if carboxy] 
group of isobutyric acid is group of isobutyric acid is 
split off split off 
CH,—CH,—COOH + CO; CH;—CH,—COOH + CO; 


(C4 equally distributed in 
carbon atoms | and 3) 


DiaGRaAM 1. Sequence of reactions in valine oxidation, illustrating the anticipated 
distribution of radioactive carbon in propionic acid and CO, arising from valine- 
4,4’-C'4 and valine-2-C™ if the catabolism of the intermediate isobutyric acid oc- 
curred by the removal of either its methyl or carboxyl group. 
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ruled out by Atchley, since he found methylmalonic acid entirely inactive 
when incubated with the liver fatty acid-oxidizing system, which is able 
to oxidize isobutyric and propionic acids to completion. 


TaBie 


Radioactivity of Carbon Dioxide Evolved during Incubation of Labeled Valine with 
Fortified Triply Washed Residue of Rat Kidney Homogenate* 


Results expressed as per cent of the radioactivity of the incubated valine. 


Incubation of pt-valine-4,4’-C™ Incubation of pt-valine-2-C* 
0.03 | 3.0 
0.03 2.7 


* The triply washed residues of rat kidney homogenate were prepared as described 
by Green et al. (24) and used as a thick suspension in 0.9 per cent potassium chloride. 
The incubation medium in each Warburg flask consisted of 1.5 ml. of the washed kid- 
ney residue suspension, supplemented by 0.3 ml. of 0.125 mM phosphate buffer at pH 
7.3, 0.3 ml. of 0.01 mM adenosinetriphosphate, 0.2 ml. of 0.02 M magnesium sulfate, 
0.2 ml. of 0.0004 1 cytochrome c, 0.2 ml. of pyridoxal phosphate (1 y per ml.), 0.1 ml. 
of a-ketoglutarate (50 umoles per ml.), 0.1 ml. of citrate (50 wmoles per ml.), and 0.2 
ml. of pu-valine-4,4’-C'4 (6.0 we. per mg.) or pL-valine-2-C™ (3.2 we. per mg.), each 
having a concentration of 50 umoles per ml. Alkali-soaked filter paper was placed in 
the center well, and oxygen was used as the gas phase. The incubations were carried 
out at 38° for 2 hours. (Pyridoxal phosphate, as the calcium salt, was generously 
donated by Dr. W. W. Umbreit of the Merck Institute for Therapeutic Research. 
pL-Valine-2-C' was synthesized by E. M. Gal of this laboratory and its radioactive 
purity established by radioautography of paper chromatograms.) 


TaBLeE II 
Schmidt Degradation of Propionate Isolated from Incubation of pu-Valine-4, 4’-C'4 
with Rat Liver Homogenate 
Results expressed as per cent of total activity (obtained from total combustion of 
propionate). 


Degradation No. | Carbon 1 | Carbon 2 | Carbon 3 
1 48.4 | 3.6 42.8 
2 | 48.7 | 3.9 | 42.5 


Consideration of the isotope distribution in propionic acid arising from 
the incubation of valine-4,4’-C™ and of valine-2-C%, if the oxidation of 
isobutyric acid occurred by either mechanism, is illustrated in Diagram 1. 

In order to collect only the carbon dioxide formed in the oxidation of 
valine to the propionic acid stage, pL-valine-4,4’-C' and p.i-valine-2-C™ 
were incubated separately with fortified, triply washed residue of rat 
kidney homogenate, since the kidney does not contain the propionic acid 
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oxidase and, therefore, is unable to carry out the oxidation of valine beyond 
the propionic acid intermediate (23). The carbon dioxide evolved during 
the incubation of valine-2-C' was found to be radioactive, but, with 
valine-4 ,4’-C™, it contained no significant amount of label (Table I). The 
stepwise degradation of the propionic acid isolated from the incubation of 
pi-valine-4,4’-C"™ with rat liver homogenate showed an almost equal 
concentration of C™ in carbon atoms | and 3, while carbon 2 contained no 
more than a negligible amount of radioactivity (Table II). The isotope 
distribution in carbon dioxide and propionic acid is in agreement with the 
findings anticipated, if isobutyric acid is converted to propionic acid by 
the loss of the carboxyl group. 

The formation of propionic acid by a reaction mechanism involving the 
decarboxylation of isobutyric acid suggests that this conversion requires 
the oxidation of the 6-carbon atom of isobutyric acid, in accordance with 
the 6 oxidation theory. In the light of recent knowledge of fatty acid 
oxidation (25), isobutyric acid might be expected to be dehydrogenated to 
methylacrylic acid, which would be hydrated to form 6-hydroxyisobutyric 
acid. $8-Hydroxyisobutyric acid, in turn, would be dehydrogenated to 
methylmalonic semialdehyde, which on structural grounds could decom- 
pose to carbon dioxide and propionaldehyde and then be further oxidized 
to propionic acid. The postulated mechanism for the oxidation of iso- 
butyric acid to propionic acid may be summarized by the accompanying 
sequence of reactions (20). 


CH, CH, 
cu—coon _ 
CH, CH; 
CH,OH CHO 


Cll; CH, 


Atchley (20), acting on the premise that any compound which is an 
intermediate between isobutyrate and propionate must, like these two 
compounds, be completely oxidized by the liver fatty acid-oxidizing system, 
showed that methylacrylic acid, 8-hydroxyisobutyriec acid, and propion- 
aldehyde are completely oxidized by the liver system. This observation 
indicates that these three compounds may be intermediates in the conver- 
sion of isobutyric acid to propionic acid. It does not, however, constitute 
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evidence that they actually are intermediates in this transformation, since 
the relatively complex liver fatty acid-oxidizing system is able to oxidize 
substrates other than isobutyric acid and its metabolites. 

We have been able to isolate radioactive 8-hydroxyisobutyric acid from 
the incubation of pi-valine-4,4’-C™ with rat liver homogenate and have 
identified it by chromatography on a silica gel column, using, in one case, 
a benzene-ether mixture (Fig. 1) and, in another case, a chloroform-tert- 
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Fic. 4. Silica gel column chromatogram of radioactive B-hydroxyisobutyric acid 
derived from pL-valine-4, 4’-C* and known, unlabeled B-hydroxybutyric acid. This 
chromatogram was developed with a chloroform-tert-amy] alcohol mixture and shows 
the differentiation of the two isomers by this method. 


amy] alcohol mixture (Fig. 2) as the solvent system. The column chroma- 
tography methods employed are sensitive enough to differentiate between 
the 8-hydroxyisobutyric and 8-hydroxybutyric acid isomers, as shown by 


Fig. 4. The chromatographically eluted fraction was further characterized 
as B-hydroxyisobutyric acid by paper chromatography and radioautog- 
raphy (Fig. 3, C). Our findings thus indicate that the conversion of 
isobutyric acid to propionic acid involves the formation of the intermediate 
8-hydroxyisobutyric acid and the loss of its carboxyl group. 

The same intermediates which have been identified from the incubation 
of pL-valine-4,4’-C' with liver homogenate were isolated also from the 
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liver excised after the intraperitoneal injection of the methyl-labeled 
valine into the rat (Fig. 5). It appears, therefore, that valine catabolism 
follows the same pathway in vivo as is indicated by the experiments with 
liver homogenates in vitro. 
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Fia. 5. Silica gel column chromatogram of rat liver extract obtained after intra- 
peritoneal injection of pi-valine-4,4’-C%. The solvent system used was a chloro- 
form-tert-amyl alcohol mixture. 


SUMMARY 


The catabolism of valine was studied by incubating pL-valine-4 ,4’-C™ 
with rat liver homogenate and by intraperitoneal injection of the methyl- 
labeled valine into the rat. In experiments both in vitro and in vivo radio- 
active a-ketoisovaleric, isobutyric, 6-hydroxyisobutyric, and propionic 
acids were isolated and identified by column and paper chromatography. 
Stepwise degradation of the isolated propionic acid demonstrated an 
almost equal concentration of C™ in carbon atoms | and 3, whereas carbon 
2 contained only a negligible amount of radioactivity. The carbon dioxide 
evolved during the separate incubation of pi-valine-4 ,4’-C™ and pi-valine- 
2-C' with fortified, triply washed residue of rat kidney homogenate, which 
does not contain the propionic acid oxidase, showed radioactivity only in 
the case of valine-2-C™. 

These findings are consistent with the hypothesis that the catabolism of 
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valine is initiated by transamination, resulting in the formation of a-keto- 
isovaleric acid, which by decarboxylation and oxidation gives rise to 
isobutyric acid. Isobutyric acid, in turn, undergoes 8 oxidation to form 
8-hydroxyisobutyric acid, which, by decarboxylation and oxidation, is 
converted to propionic acid. 
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GLYCINE AND ADENINE AS PRECURSORS OF NUCLEIC 
ACID PURINES IN TUMOR-BEARING MICE* 


By RALPH K. BARCLAY ano ESTHER GARFINKEL 


(From the Division of Experimental Chemotherapy, Sloan-Kettering Institute for 
Cancer Research, New York, New York) 


(Received for publication, June 30, 1954) 


Certain purines, notably adenine, are readily incorporated into the nu- 
cleic acids of rat tissues (1). Studies with glycine, a specific precursor in- 
volved in the synthesis of purines, in the same animal have shown (2, 3) 
relative uptakes in the ribose nucleic acid (RNA) and deoxyribose nucleic 
acid (DNA) fractions which are somewhat different from those obtained 
with adenine (4). A simultaneous administration of adenine-C"™ and gly- 
cine-N'® has substantiated the different relative incorporation into the 
DNA and RNA of rat liver (5). An analogous differential between the 
incorporations of adenine-N' and formate-C", another precursor of purines 
(6, 7), has also been demonstrated in rat liver (8). 

The differences between preformed purine incorporation and purine syn- 
thesis de novo from small precursors have not been as clearly demonstrated 
in the mouse. The fact that the rat shows an extremely small utilization 
of preformed guanine (9), while the C57 black mouse utilizes guanine to a 
more significant extent (10), indicates that species differences in nucleic 
acid anabolism may be quantitative rather than qualitative. 

It seemed to be of interest to determine whether the divergence in utiliza- 
tion of preformed purines versus precursors de novo in the mouse is quali- 
tatively similar to that in the rat (11, 12). In addition, information was 
desired concerning the relative utilization of exogenously supplied adenine 
and de novo synthesis of nucleic acid purines in tumor tissue. Accordingly, 
this communication reports the results of simultaneous administration of 
adenine-8-C and glycine-N™ to Swiss Webster white mice bearing sarcoma 
180. The nucleic acids, and the individual purines therefrom, of pooled 
liver, tumor, intestine, and spleen were examined for isotope content. 


Materials and Methods 


Twenty Swiss Webster white mice, each weighing 20 + 2 gm. and bear- 
ing 4.5 day-old transplanted sarcoma 180,' were injected intraperitoneally 


* This work was supported by an institutional research grant, No. 10-G, from the 
American Cancer Society, and grant No. C-2329 from the National Cancer Institute, 
National Institutes of Health. 

We are indebted to Dr. Donald Clarke for providing us with mice bearing sar- 
coma 180. 
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with 1 ml. of an aqueous solution containing 0.25 mg. of adenine-8-C" 
(1700 c.p.m. per y)? and 10 mg. of glycine-N™ (30 atom per cent excess 
N!5).2, 24 hours later the mice were sacrificed, and the livers, tumors, in- 
testines, spleens, and kidneys were pooled in alcohol-dry ice. Sodium 
nucleates were isolated, hydrolyzed, and fractionated chromatographically 
by procedures previously described (8, 13), with the exception that, since 
only the purines were desired, Dowex 50 resin was used in the chromato- 
graphic columns instead of Dowex 1. In the case of the pooled spleens, 
insufficient RNA was obtained for the work up on resin columns. Por- 
tions of each sodium nucleate were converted to free nucleic acids (13) and 
radioactivities determined on infinitely thick samples of these acids (Table 
I). 

Aliquots of each purine were plated on aluminum planchets for deter- 
mination of C', and the rest of each sample was used for N!*® determina- 
tions. The radioactive isotopes were determined on an internal Geiger- 
Miiller flow counter (Radiation Counter Laboratories, mark 12, model 1, 
helium-isobutane gas), and the heavy isotope analyses were performed on a 
Consolidated-Nier mass spectrometer, model 21-201, probable error +0.001 
per cent. 


RESULTS AND DISCUSSION 


The extent of incorporation of preformed adenine into the total nucleic 
acids of the several mouse tissues is recorded in Table I. It is a debatable 
point as to how much information can be provided by such determinations. 
Since the individual bases of each type of nucleic acid furnish more signifi- 
cant data, the values for total nucleic acids from the five tissues are merely 
recorded, and no attempt will be made to draw conclusions from them. 

The isotope values found in the individual purines of the two types of 
nucleic acids isolated from the four tissues so examined are shown in Table 
II. It will be noted that adenine was incorporated into intestinal RNA 
almost as well as into liver RNA, although its conversion to RNA guanine 
was relatively insignificant in the intestines. This latter point is in con- 
trast to the results of Abrams (11), who found an adenine to guanine ratio 
of 2.7 in both the RNA and DNA of rat intestine after injection of 1.89 
mmoles per kilo of adenine-2-C, but it should be noted that Abrams used 
a level of adenine 21 times that of this experiment (0.09 mmole per kilo). 
The conversion of adenine to guanine in the livers of tumor-bearing mice 
seems to be quite comparable to that in normal mice, as well as in normal 


2 Adenine-8-C* and glycine-N'® were both synthesized in these laboratories by 
Dr. M. Balis. 

3 The authors were aided in the dissection of the various tissues by Dr. Leonard 
Hamilton. 


r 
| 
a 
I 
t 
t 
I 


R. K. BARCLAY AND E. GARFINKEL 399 


rats. Our adenine-guanine ratios of 3.3 for liver DNA and 4.8 for liver 
RNA compare with values of 5 for mouse liver DNA, 2.2 for mouse liver 
nuclear RNA, and 6 for mouse liver cytoplasmic RNA found by Fresco 
and Marshak (14) after injecting 0.001 mmole per kilo of adenine-C". 


TABLE I 
Incorporation of Adenine-8-C'4 into Nucleic Acids of Mouse Tissues* 


Tissue C.p.m. 


* Free nucleic acids, infinitely thick layer counted. 


TABLE II 


Isotope Content of Nucleic Acid Purines after Simultaneous Administration of 
Glycine-N'* and Adenine-C"4 


Tissue Purine C.p.m. per umole Atom 
Liver DNA adenine 139 0.015 
‘¢ guanine | 42 | 0.016 
RNA adenine 1680 | 0.032 
guanine 350 | 0.026 
Tumor DNA adenine 540 0.236 
guanine 153 0.227 
RNA adenine 460 
guanine 195 0.22 
Intestine DNA adenine 630 0.136 
guanine 8-4 | 0.192 
RNA adenine 1230 | 0.163 
‘« guanine 72 0.168 
Spleen DNA adenine 426 | 0.080 
‘« guanine 150 | 0.083 


Marrian et al. (15) have reported an adenine-guanine ratio of 4 in RNA of 
combined rat viscera 24 hours after injecting 0.018 mmole per kilo of ade- 
nine-8-C', As is the case in the rat (5, 16), glycine is incorporated ex- 
tensively and uniformly into purines of both DNA and RNA in tissues of 
the mouse. As Reichard found in the rat (3), glycine is incorporated into 
guanine to a greater extent than it is into adenine in intestinal nucleic acid. 

The relative incorporations of the two isotopes into the two types of 
nucleic acids of mice are of the same order as in the rat, although with ex- 


400 NUCLEIC ACID ANABOLISM IN MICE 


ogenous adenine there is a higher incorporation into liver DNA in our ex- 
periment. Thus, Furst and Brown (5) have reported RNA:DNA ratios 
in the normal rat liver of 50 to 60 after administering adenine and of 3 for 
glycine incorporation. Our values for mouse liver are 12 in adenine and 8 
in guanine derived from administered adenine, and 2 into adenine and 1.6 
into guanine derived from glycine. The lower values for tumor-bearing 
mice may be a result of the higher basal metabolic rate of mice and the pos- 
sibility that the presence of tumors may have stimulated DNA formation 
in other tissues, as suggested by Kelly and coworkers (17, 18). In the rat 
intestinal nucleic acids, Abrams (11) found RNA:DNA ratios of 2 for ade- 
nine and 1.7 for guanine after administering adenine; our values after ade- 
nine administration are 2 for adenine and 0.85 for guanine. With glycine as 
the precursor, Reichard (3) and Abrams (11) found these ratios to be 1 to 
2; our values are 1.2 for adenine and 0.9 for guanine. 

Just as has been concluded for the rat (8, 11, 12), we find that in mice the 
utilization of purine derivatives synthesized de novo predominates in the 
intestine, while in the liver there is a preferential utilization of preformed 
purine for RNA synthesis. This is borne out by the RNA liver-intestine 
ratios, which have been summarized (19) for rats as 1.6 to 1.9 after adenine 
administration and 0.16 to 0.38 after glycine administration, and which in 
this experiment are 1.4 and 0.2, respectively, for RNA adenine of the two 
tissues. 

It is interesting to note that sarcoma 180 seems to be most active in the 
de novo synthesis of nucleic acid purines from glycine. It is also about 4 
times more active than liver in utilizing adenine for synthesis of DNA 
purines, which may be correlated with its greater extent of cell division. 
Although tumor shows a de novo synthesis from glycine even greater than 
that in the intestine, it does not demonstrate the greater incorporation of 
glycine-nitrogen into guanine which is characteristic of the DNA of the 
intestine (3). This indicates that caution must be used in comparing tu- 
mor tissue and intestinal tissue too closely, even though they are both rap- 
idly growing systems. 


The authors wish to extend their sincere thanks to Dr. George B. Brown 
for advice and helpful discussions during the course of this work. They also 
wish to acknowledge the continued interest and support of Dr. C. Chester 
Stock. 


SUMMARY 


Simultaneous administration of adenine-8-C™ and glycine-N' into tu- 
mor-bearing mice, followed by isolation and analysis of individual purines 
from the nucleic acids of various tissues, has shown that in general the nu- 
cleic acid anabolism in such mice is quite similar to that in rats. 
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As in rats, de novo synthesis of purines from small precursors predomi- 


nates in the intestine, and preferential utilization of preformed purine for 
RNA synthesis occurs in the liver. 


Sarcoma 180 is more active than mouse intestine, liver, or spleen in the 


de novo synthesis of nucleic acid purines from glycine-nitrogen. 
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ELECTROPHORESIS OF THE THYROXINE-BINDING PROTEIN 
OF SERUM AT pH 4.5* 


By JACOB ROBBINS,t MARY L. PETERMANN, anv J. E. RALLY 


(From the Sloan-Kettering Institute for Cancer Research, and the Sloan-Kettering 
Division, Cornell University Medical College, New York, New York) 


(Received for publication, July 8, 1954) 


Thyroxine in human serum appears to be bound in large part to a single 
protein component. While this thyroxine-binding protein has not yet been 
isolated, certain of its physical characteristics have been studied by labeling 
the protein with thyroxine-I'*', Thus, its electrophoretic mobility in bar- 
bital buffer, pH 8.6, is intermediate between those of a;- and a-globu- 
lins (1-4), and its sedimentation rate in the ultracentrifuge is approxi- 
mately 3.38 (5). 

The thyroxine-binding protein resembles, in several respects, the ae- 
glycoproteins described by Schmid. In studies on the more soluble pro- 
teins of human plasma, Schmid (6) has found that Fraction VI-3 has an 
unusually high iodine-nitrogen ratio. From this fraction, Schmid (7) has 
isolated a group of at least three a2-glycoproteins, which are characterized 
by electrophoretic mobilities at pH 8.6 of —4.2 K 10-5 cm.? volt=! sece=}, 
sedimentation constants of approximately 3 8, and isoelectric points vary- 
ing from pH 3.5 to 4.3. 

These ae-glycoproteins resemble the M-2 protein found by Mehl, Golden, 
and Winzler (8) by electrophoresis at pH 4.5. The present study was, 
therefore, undertaken to determine the electrophoretic behavior of the 
thyroxine-protein complex at pH 4.5. This mobility has been found to 
resemble that of the M-2 protein. 


Materials and Methods 


The thyroxine-binding protein in nine sera!’ was tagged either by the 
addition of L-thyroxine-I" in vitro or by the endogenous synthesis of I'*'- 


* This work was supported by grants from the Damon Runyon Memorial Fund for 
Cancer Research, the American Cancer Society, and the National Cancer Institute 
of the United States Publie Health Service (No. C-471), and a contract from the 
Atomic Energy Commission, No. AT(30-1)-910. Presented in part at the Forty-fifth 
annual meeting of the American Society of Biological Chemists at Atlantie City, 
New Jersey, April 12-16, 1954. 

+t Present address, National Institute of Arthritis and Metabolie Diseases, Na- 
tional Institutes of Health, Bethesda, Maryland. 

t Alfred P. Sloan Foundation Scholar. 

‘In one instance (Sample 8), heparinized plasma was used. 
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labeled thyroxine in patients who had received therapeutic doses of radio- 
iodide.2. Tagging in vitro was carried out with sera obtained from two 
normal young men (Samples 1 and 2a to 2c), one normal young woman 
(Sample 3), and one patient with Graves’ disease (Sample 4). The con- 
centration of added thyroxine was 0.02 to 0.06 y per ml. of serum, except 
in Sample 2c, in which the concentration was 0.5 y per ml. ‘The thyroxine 
solution (in 2-butanol) was taken to dryness 7n vacuo before addition of the 
serum. 

The sera! containing endogenously labeled thyroxine were obtained from 
two patients with Graves’ disease (Samples 5 and 6) 2 and 8 days after 
9 and 5 me. of radioiodide were administered, and from two patients with 
functioning thyroid carcinoma (Samples 7 and 8) 8 and 4 days after 175 
and 153 me. In one patient with functioning thyroid carcinoma (Sample 
7), the serum was obtained 7 hours after receiving 177 me. The normal 
thyroid tissue in the carcinoma patients had been ablated either by surgical 
removal or by previous radioiodine therapy. 

Chromatographic analysis of radioiodine.in whole serum was performed 
with an n-butanol-1,4-dioxane-ammonia system (9) by techniques de- 
scribed earlier (3). 

Zone electrophoresis of serum in paper was carried out at pH 8.6 (barbital, 
ionic strength 0.1) as described elsewhere (3), except that the paper strips 
were suspended between the glass plates by longitudinal supports along 
their edges. Similar methods were employed for zone electrophoresis at 
pH 4.5 in an acetate-chloride buffer (0.02 m NaAc, 0.08 m NaCl, ionic 
strength 0.1). In these experiments, however, the paper strips were 
pressed between two glass plates coated with silicone, and the serum (0.02 
ml.) was placed at the center of the strip. A potential of 100 volts was 
applied across the electrode vessels for 24 hours at room temperature. 
After the strips were dried, they were analyzed for radioactivity with a 
thin mica window Geiger-Miiller tube and a continuously recording count- 
ing rate meter. The counting aperture was a 1 X 2.7 cm. rectangle. 
The protein on the strips was then stained with bromophenol blue by 
Durrum’s technique (10). Since the area under the curves obtained with 
the counting apparatus was proportional to the quantity of radioactivity 
on the paper strip, the amount of I'*! associated with the various protein 
fractions could be measured by planimetry. 

Moving boundary electrophoresis at pH 4.5 was performed in an 11 ml. 
cell on serum diluted 1:1, in the same acetate-chloride buffer. The start- 


2 Synthetic L-thyroxine was obtained through the courtesy of the Smith, Kline and 
French Laboratories and labeled with ['*! by the Abbott Laboratories. Radioiodide 
(I'*1) was obtained from Oak Ridge and administered with less than 10 y of carrier 
iodide. 
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ing boundary was moved into the middle of the standard U-tube by slow 
compensation or was formed in the middle of a short cell. A potential 
gradient of 5.6 volts per em. was then applied for 6 hours. At the end of 
the run, the schheren diagram of the anodal limb was traced on the ground 
glass plate. Fractions corresponding to various protein boundaries were 
removed by means of a syringe and a long, blunt tipped needle which was 
slowly advanced into the cell by a serew mechanism (see ‘Results’’). 
Each sample was transferred to a small tared vial and the sample weight 


TABLE I 
Analysis of Serum 


All values are in per cent of serum organic [*!. 


Zone electrophoresis, pH 8.6* | 
Sample | 
NO. 
Thyroxine Albumin a-Globulin | Zone | 
Normal 17 65 | 40 
2b SO 14 13 
2¢ 80 18 38 
3 75 7 
Graves’ disease 4 S5 13 19 
5 2 13 12 75 | 72 
6 92 10 | 82 
Thyroid carcinoma 7 S5 3 13 S4 | 79 
St Q7 5 5 90 SO 


15 59 | | 


* In sera containing synthetic L-thyroxine-I'*', from 1 to 7 per cent of serum 
migrated just ahead of albumin and presumably represented an impurity in the thy- 
roxine preparations. 

+ Heparinized plasma. 


determined. These fractions were then measured for radioactivity with a 
well type seintillation counter and for protein by ultraviolet absorption at 
275 Mu. 


Results 


The results of chromatographic analysis of serum radioiodine are re- 
corded in Table I. Except for Sample 9, the major portion of the serum 
I’! was in the form of thyroxine. Organic radioiodine which was not thy- 
roxine, in those sera containing synthetic thyroxine (Samples | to 4), was 
due to unidentified impurities in the thyroxine preparations. In the sera 
with endogenously labeled thyroxine, triiodothyronine comprised from 1 to 
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5 per cent of the non-thyroxine organic I'*!, and the remainder was im- 
mobile in the chromatographic system. In Sample 7, the immobile 1'*! 
appeared to be thyroglobulin (11, 12), while in Sample 9 it was an abnor- 
mal substance found in the serum of certain patients with functioning 
thyroid carcinoma (13).  Iodide-I'"*! varied from 2 to 5 per cent of the total 
serum radioiodine, except in Sample 9, in which it was 20 per cent. 

The results of zone electrophoresis at pH 8.6 are also included in Table 
I. Except for two instances, radioiodine in the a-globulin area accounted 
for the major portion of the serum radioiodine, although considerable 


B 
(+) 


Fic. 1. Zone electrophoresis at pH 4.5 of normal serum containing synthetic L- 
thyvroxine-I!3!.) A, added thyroxine = 0.06 y per ml. (Sample 2b). B, added thyrox- 
ine = 0.5y per ml. (Sample 2c). Upper section, paper strip stained with bromophenol 
blue. Lower section, record of radioactivity analysis of the paper strip. BG repre 
sents background radioactivity, and the arrow denotes the point of application of 
serum. 


amounts were found with the other protein fractions. Part of the radio- 
iodine associated with the 8- and y-globulins, however, may represent thy- 
roxine in albumin, or a-globulin, which had adhered to the paper. In 
Sample 2c, a large amount of radioiodine was associated with albumin, 
since the quantity of thyroxine added in this instance was in excess of that 
required to saturate the thyroxine-binding protein (14). In Sample 9, the 
abnormal substance accounted for the large amount of I" in the albumin 
fraction (13). 

The findings on zone electrophoresis at pH 4.5 are illustrated by Fig. 1. 
The pattern in Fig. 1, A is typical of four sera so studied. A large, sharply 
defined peak of radioactivity moved just to the anodal side of the major 
albumin area, and a smaller radioiodine component was associated with 
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albumin. Another small amount of I! was occasionally found on the 
cathodal side of the major albumin area. Since radioiodine in the major 
peak was poorly separated from that in albumin, Sample 2c, which con- 
tained a large amount of thyroxine in albumin, was examined. Fig. 1, B 


NORMAL GRAVES DISEASE THYROID CA 
(+) (—) 
131 
60 
20 PROTEIN 
10 
SPECIFIC 
6 f+ ACTIVITY 


Fig. 2. Moving boundary electrophoresis, at pH 4.5, of serum containing synthetic 
L-thyroxine-I'*! (normal, Sample 2a) or endogenously synthesized thyroxine-I!3! 
(Graves’ disease, Sample 6, and thyroid carcinoma, Sample 7). Top section, tracing 
of schlieren diagram, with the top of the albumin peak cut off. The vertical line at 
the top indicates the starting boundary, and the arrow points in the ascending direc- 
tion. The broken lines indicate the fractions taken for analysis. Middle sec- 
tion, radioiodine (solid line) and protein (broken line) in the fractions, as per cent 
of total serum radioiodine or protein. Lowest section, radioiodine-protein ratio in 
the fractions. 


indicates the extent to which radioiodine in these two areas may be differ- 
entiated. 

Fig. 1, B also indicates that essentially all of the thyroxine associated 
with albumin is in the large albumin peak near the starting mark, rather 
than in the smaller albumin band which moves toward the cathode.* The 
latter cannot be defined on the stained strips. 

The results of moving boundary electrophoresis at pH 4.5 which are il- 


§ Mustacchi, P., Petermann, M. L., and Rall, J. Ik., unpublished data. 
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lustrated in Fig. 2 are representative of five experiments. In the upper 
sections are tracings of the schlieren diagrams, showing the large albumin 
peak, which is almost isoelectric. ‘The small peak just to its anodal side, 
which has been designated M-2 protein by Mehl et al. (8), contains the 
a2-glycoproteins described by Schmid (7). The other “acid” protein com- 
ponent, M-1 (8), has moved out of view toward the anode, while the re- 
mainder of the serum proteins have migrated toward the cathode. 

In the center sections of Fig. 2 are the results of radioiodine and protein 
analyses in the fractions removed from the cell, and in the lower sections 
are their specific activities (I'!-protein ratios). In every instance, the 
greatest increase in I'*!, and the highest specific activity, occurred in frac- 
tions representing the M-2 boundary. The specific activity at the M-2 
boundary was even higher when the calculation was made for the incre- 
ments between samples, but, because of the very small increments in protein 
in this region, these values were subject to greater error. 

The specific activity curves in several of the analyses suggested that the 
thyroxine-binding protein may be in the more rapidly moving portion of 
the M-2 boundary. The lack of precision in sampling, however, made 
this uncertain. 

In the moving boundary analysis of Sample 9, which contained a large 
amount of I’ in albumin, as determined at pH 8.6, the greatest radio- 
iodine increase was in the major albumin peak. The maximal specific 
activity, however, was again at the M-2 boundary. 

Quantitative estimates of radioiodine in M-2 protein in the experiments 
at pH 4.5 are presented in Table I. Those obtained by zone electropho- 
resis were determined by planimetry. In the moving boundary analyses, 
the radioiodine in that sample containing the full concentration of the M-2 
protein, z.e. the sample just beyond the M-2 boundary, was corrected for 
radioiodine in the albumin present in that sample. The latter value was 
calculated from the analysis at pH 8.6 and the amount of albumin in the 
sample as determined from the schlieren diagram. 

The estimates of M-2 protein, based on zone electrophoresis, are in ex- 
cellent agreement with the values for thyroxine in a-globulin at pH 8.6. 
Those estimates based on moving boundary analyses are lower. ‘The mean 
ratio of thyroxine in M-2 protein (moving boundary) to thyroxine in a- 
globulin (pH 8.6) is 0.77. 


DISCUSSION 


These experiments have demonstrated that thyroxine in human serum is 
associated, at pH 4.5, with a protein having an isoelectric point close to 4. 
Furthermore, no difference was detected in the thyroxine-protein complex 
in normal subjects, patients with hyperthyroidism, or patients with func- 
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tioning thyroid carcinoma, nor was there a difference between synthetic 
and endogenously labeled thyroxine. If it can be assumed that this pro- 
tein is the same one which binds thyroxine at alkaline pH, then these 
findings provide further evidence of similarity between the thyroxine- 
binding protein of human serum and the a-glycoproteins described by 
Schmid (7). It remains to be determined whether one of these purified 
ao-glycoproteins is, indeed, the thyroxine-binding protein. 

Although the réle of the proteins comprising the M-2 fraction has not 
been clarified, significant increases in this fraction have been found in a 
variety of diseases. In many of these (e.g. rheumatoid arthritis, carci- 
noma, pneumonia), the common factor may be involvement of interstitial 
substance (15). Mustacchi et al. (16) have recently shown that the M-2 
protein is increased in hyperthyroidism and decreased in myxedema. It 
will be of interest to determine whether the changes in these instances are 
due to changes in the thyroxine-binding protein itself. Such a conclusion 
is certainly not justified by the data at hand. 


SUMMARY 


Electrophoretic studies on the thyroxine-binding protein of human se- 
rum have been carried out at pH 4.5, by means of both zone and moving 
boundary techniques. Nine sera from normal subjects or from patients 
with hyperthyroidism or functioning thyroid carcinoma were used. The 
specific protein was labeled either with synthetic, or by endogenously syn- 
thesized, L-thyroxine-I"*'. In every instance, the thyroxine-binding pro- 
tein had a slow mobility toward the anode, indicating that its isoelectric 
point is close to pH 4. 


The authors wish to thank Dr. Rulon W. Rawson for his advice and 
interest. They are indebted to Miss Helen Hagopian and Mrs. Mary G. 
Hamilton for technical assistance. 
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In land plants p-glaucose and p-fructose are the most abundant mono- 
saccharides. Sucrose, starch, cellulose, and fructosans, which are com- 
posed of these monosaccharides, are the main complex carbohydrates. In 
many marine algae these carbohydrates appear to be either completely 
absent or, when they occur, they do so in comparatively small amounts. 
The main carbohydrates in these marine algae are compounds such as 
mannitol, e-p-galactosvlglycerol, a-p-mannosylglycerol and polysac- 
charides containing residues of mannuronic acid, L-fucose, and p-galactose 
(5). 

In view of the difference between the predominant carbohydrates in land 
plants and in these marine algae, it seemed possible that the path of car- 
bon in photosynthesis leading to their formation also might be different. 
To test this possibility, an investigation was undertaken of the intermedi- 
ate products formed during photosynthesis by the red alga, [ridophycus 
flaccidum. The major part of the carbohydrate materia! of this alga is 
comprised of compounds containing chiefly p-galactose units. 

experiments were carried out by allowing pieces of [ridophycus plants to 
photosvnuthesize for periods ranging from 8 seconds to 24 hours in an at- 
mosphere containing CUO. The resulting radioactive components were 
separated and identified mainly by paper chromatographic and radioauto- 
graphic techniques. Analysis of the rates of fixation of C' in the various 
compounds served to indicate their probable position in the sequence of 
reactions leading to the formation of carbohydrates. 


EXPERIMENTAL 


Plant Material Actively growing thalli of /. flaectdum containing no 
fruiting bodies were collected from the tidal rocks at Moss Beach, Cali- 
fornia. The plants were placed in sea water and kept at 2° for not longer 
than 3 days before use. A single thallus of about 15 & LO em. was cut 


* This work was supported in part by a research contract with the United States 
Atomic Energy Commission. 
(The name Jridophyeus flaccidum tor this red alga is now preferred to that of 


Trideae laminartoides (28). 
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into sections, having an area from 6 to 24 sq. cm. and weighing from 0.25 
to 1.0 gm., quickly rinsed in distilled water, blotted between filter papers, 
and placed in the photosynthetic chamber. One thallus section was used 
for each experiment. 


Fic. 1. Photosynthesis apparatus. A, photosynthesis chamber; B, removable bot- 
tom; (, cooling jacket; D, cooling flask; K, by-pass U-tube and CO, trap; F, reflector 
spot lamp; G, plant sample; a, gas inlet; b, exit stop-cock to vacuum line; c, wire sup- 
port; d, openings for circulating water; e, rubber gaskets. 


Apparatus and Photosynthetic Procedure-—For photosynthetic periods up 
to 5 minutes the apparatus illustrated in Fig. | was used. Since carbon 
dioxide uptake was more rapid in air than in water, the photosynthetic ex- 
periments were conducted in a gaseous rather than in an aqueous medium. 
This procedure seemed justifiable, inasmuch as the alga in its normal en- 
vironment frequently remains exposed to the sun for long periods at low 
tides, often becoming severely dehydrated. 
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The Plexiglass apparatus contained a photosynthetic chamber, A, for 
placement of the leaf material. The upper part of the chamber had a 
built in water-cooling jacket, C. The lower part consisted of a removable 
bottom, B. In addition, a flat flask, D, through which cold water circu- 
lated, was placed between the light source, F, and the photosynthetic 
chamber to act as an auxiliary heat absorber. The light source, consisting 
of a 150 watt reflector spot lamp, was situated at a distance of 1 foot above 
the chamber. 

The C-labeled carbon dioxide was generated externally and trapped in 
the by-pass U-tube, #. For each sample, 1.0 mg. of BaC™Os;, having a 
specific activity of 45.3 uc. per mg., was used. The U-tube was attached 
by a standard taper joint, a, to one end of the chamber. A vacuum line 
was attached to the exit stop-cock, b, at the other end. The algal sample 
was placed on the bottom surface of the chamber, B (wire supports kept 
the sample from touching either face), and a little water was spread over 
the bottom surface to maintain a humid atmosphere during the experi- 
ment. The bottom face was then tightly clamped against the rubber gas- 
ket with rubber bands. Air was drawn slowly through the chamber via 
the by-pass of the U-tube, the light turned on, and the plant allowed to 
photosynthesize for 10 minutes. A vacuum (about 200 mm. pressure) was 
momentarily drawn on the chamber by closing Stop-cock 2 of the U-tube. 
The vacuum line stop-cock, b, was shut completely and the radioactive 
carbon dioxide was admitted into the chamber by opening the 2-way Stop- 
cocks 1 and 2 of the U-tube to allow air to sweep through the U-tube into 
the chamber. After closing the stop-cocks and allowing the plant to photo- 
synthesize for a given period, a beaker containing boiling ethanol was 
placed under the chamber and the bottom face removed, letting the thallus 
drop into the alcohol. 

Experiments involving photosynthetic periods longer than 5 minutes 
were carried out with a modified apparatus and procedure which has been 
previously described (6). 

In order to determine the extent to which carbon dioxide was fixed non- 
photosynthetically by the plant material, experiments were conducted by 
the same procedure except that light was excluded from the photosynthetic 
chamber. 

Extraction of Sample-—The sample was extracted by boiling with 80 per 
cent ethanol for 5 minutes and decanting the extract. A small amount of 
water, about double the original fresh weight of the sample, was added? to 
the residue and the moist material heated to rehydrate the tissue. Ap- 

? This operation facilitates the extraction of the products formed during photosyn- 
thesis. The highly colloidal sulfurylated galactan which constitutes the bulk of the 
plant tends to occlude smaller molecules. 
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proximately 12 volumes of 95 per cent alcohol were added, the mixture was 
— for 5 minutes, and the extract was decanted and added to the first 
xtract. After repeating this procedure three times, the combined. ex- 
tracts were concentrated on a steam bath to a small volume and dried 7n 
vacuo, and the residue was weighed. This material was set aside to be 
used for subsequent paper chromatographic analysis. 

The above procedure did not remove all the labeled phosphate esters 
from the aleohol-insoluble residue. To complete the removal of the phos- 
phate esters, the following method was adopted: the residue was suspended 
in water (1 ml. to 0.25 gm. of original wet weight sample), the reaction 
adjusted with 0.5 xn HCl to pH 3, and the mixture heated with stirring for 
less than 1 minute on a steam bath. This treatment caused complete dis- 
integration of the tissue and reduced the viscosity of the sulfurvlated 
galactan sufficiently so that it became possible to use aliquots of this sus- 
pension for paper chromatographic analysis. 

Chromatographic Analysis-—The chromatographic procedures in 
this work were similar to those described by other authors (7, 8). The 
alcohol extracts and suspensions obtained by heating the residues were 
chromatographed separately on sheets of 18 & 22 inch Whatman No. 4 fil- 
ter paper which had been washed previously with oxalic acid. For the 
analysis of the products from the long photosynthetic experiments (over 5 
minutes) unwashed No. 1 Whatman filter papers were used. Four ali- 
quots of approximately 10 y (1/25 of total sample) of the alcohol extracts 
and six similar aliquots (3/50 of total sample) of the residue suspensions 
were taken for analysis. The amount of radioactivity in each sample was 
determined by measuring the activity on the paper with a rate meter as 
described below. The papers were developed in the long dimension for 20 
hours with water-saturated, redistilled phenol. After drving, they were 
developed in the second dimension for 16 hours in a mixture of 52 per cent 
n-butanol, 13 per cent acetic acid, and 35 per cent water. 

Radioautograms of the chromatograms were made by leaving the papers 
in contact with 14 & 17 inch Eastman. medical No-Screen x-ray films. 
The length of exposure was estimated to be inversely proportional to the 
amount of activity originally applied to the paper, the standard of ex- 
posure being 4 days for a paper containing 4000 ¢.p.m. 

Not all of the phosphate esters could be completely resolved by two- 
dimensional chromatography. Further treatment of the phosphate ester 
fraction was therefore required in order to determine the complete activity 
distribution of the individual phosphate esters. For this purpose, the 
phosphate ester spots were eluted, hydrolyzed with phosphatase (General 
Biochemicals phosphatase, | per cent solution) for 8 to 16 hours, and re- 
chromatographed and the activities in the phosphate-free organic residues 
counted. This procedure served to establish the identity of the esters. 
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When a spot obtained by two-dimensional chromatographic separation 
was suspected to contain more than one compound, the spot was eluted 
and rechromatographed in a mixture of 52.5 per cent n-butanol, 35 per 
cent ethanol, and 15.5 per cent water (8). This solvent gave an especially 
wide separation of the amino acids from the neutral sugars. 

To provide labeled material for further identification of the compounds, 
the remainder of each of the alcohol extracts was streaked in bands on No. 
| Whatman filter paper and separated by band chromatography (6, 8). 
The chromatograms were developed first in the phenol-water solvent and 
the bands located by radioautography. The individual bands were cut 
out and eluted and the eluates reapplied on paper in bands, with butanol- 
acetic acid-water as a developing solvent. The bands were eluted and the 
material was used for confirmatory chemical tests. 

Counting Methods and Caleulations—-Two instruments were used for 
making radioactivity measurements. One was a Tracerlab rate meter 
(SU-3A) supplied with an unshielded Geiger tube with a screened end 
window | inch in diameter; the other a Berkeley decimal scaler (model 
2105) with a lead-shielded, | inch end window Geiger tube. The Tracer- 
lab rate meter can be read with an accuracy of +5 per cent of the full scale 
deflection in ranges of 200, 2000, and 20,000 ¢.p.m.; the Berkeley scaler 
with a greater accuracy. 

Counting was done with the two instruments directly on filter paper and 
with samples on copper disks. ‘To determine the factors for conversion of 
direct counts on paper to counts on copper disks, samples of known ac- 
tivity were counted both ways. Thus it was found that | we. corresponded 
to 66,700 ¢.p.m. when the material was absorbed on Whatman No. 1 filter 
paper, and to 200,000 ¢.p.m. when counted on a copper disk. This relation 
was found to apply to both instruments. 

The total activities of the alcohol extracts were determined by applying 
0.01 ml. aliquots on Whatman No. 1 filter paper sheets and counting with 
the Tracerlab instrument. After chromatographing the extracts, the indi- 
vidual spots were located by reference to the radioautogram, cut out, and 
counted with the Berkeley sealer. In cases in which the radioactive spot 
covered an area larger than the end window of the Geiger tube, the spot 
Was cut Into two or more pieces, each small enough to be covered by the 
tube, and the total activity of the spot obtained by summing the activities 
of the sections. When mixtures of known amounts of radioactivity were 
subjected to the methods of chromatographic separation and radioassay 
used in this work, the accuracy of the recoveries was found to be within 
+5 per cent. 

Activity in the aleohol-insoluble, water-soluble fraction was determined 
by directly counting weighed samples on copper disks and by applying 
aqueous aliquots of these samples to filter paper and counting as 1n the case 
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of alcohol extracts. The ratio of counts on paper to those on copper disks 
was found to be 1:3, which is the same as that for the standards. The ac- 
tivity in the insoluble residue was determined by counting weighed samples 
on copper disks, applying the same 1:3 conversion factor as for the water- 
soluble fraction. 

Identification of Labeled Products—-Tentative identification of the labeled 
products was made from their Ry values in various solvents. Further evi- 
dence regarding their identity was obtained from observation of the color 
reactions with specific spray reagents. When the concentration of the 
active material was too low to give an adequate color reaction, the com- 
pound was further identified by chromatographing the active sample after 
mixing it with an authentic inactive sample and determining whether the 
outline of the radioautogram spot coincided with that of the spot obtained 
upon spraying the paper. 

For detection of amino acids, a 0.1 per cent alcoholic solution of nin- 
hydrin was used as a spray. An approximately 1 per cent solution of p- 
anisidine hydrochloride in butanol (9) served for locating reducing and 
non-reducing sugars that are easily hydrolyzed to reducing monosaccha- 
rides. For detection of sugar alcohols and non-reducing sugars, a 1 per 
eent solution of KMnQO, in 2 per cent sodium carbonate was used. <A 
neutral 0.04 per cent alcoholic solution of brom cresol green was employed 
to indicate organic acids (10). The reagent, ammonium molybdate in 
perchloric acid, used by Hanes and Isherwood (11), served as a spray for 
visual detection of the phosphorylated compounds. 

Some of the radioactive photosynthetic products were identified by their 
specific chemical or enzymatic reactions. Thus, radioactive floridoside 
(a-p-galactopyranosyl-2-glycerol) was hydrolyzed with an invertase prep- 
aration containing melibiase (a-galactosidase) (12). When the hydrolysis 
products were mixed with authentic samples of inactive galactose and 
glycerol, chromatographed, and sprayed, the radioactive spots coincided 
with the colored spots. 

The glucose resulting from hydrolysis of the phosphate esters was iden- 
tified by the following criteria: Treatment with phenylhydrazine produced 
a crystalline phenylosazone identical with that of glucosazone (13). The 
product was fermentable with Vorula monosa which specifically attacks 
glucose, fructose, or mannose (14). Oxidation with bromine (15) resulted 
in an acid that yielded a chromatographic pattern identical with that of a 
known sample of gluconiec acid. When the product was epimerized with 
calcium hydroxide, fructose and mannose were formed (16) and were 
identified chromatographically. 

The authenticity of the galactose derived trom the hydrolyzed phos- 
ohates was confirmed by the crystalline form of its phenylosazone (13), by 
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enzymatic oxidation with a specific enzyme (17), and by oxidation with 
bromine (15). | 

The fructose component derived from the phosphate ester was identified 
by its resistance to bromine oxidation, by its phenylosazone, and by its 
epimerization to glucose and mannose when treated with calcium hydroxide. 

The identity of sedoheptulose obtained from the hydrolysis of the phos- 
phate ester was confirmed by the formation of its anhydro form when 
heated with dilute acid (18, 19) and by the ervystalline characteristics of its 
phenylosazone. 

Gluconic acid was identified as follows: The radioactive sample was 
mixed with inactive gluconate and the mixture oxidized with hydrogen 
peroxide and ferric acetate (20). The resulting radioactive product and 
the arabinose formed from the gluconate gave a single spot when chromat- 
ographed together. 

The glycerol was identified by its chromatographic characteristics, its 
relative inertness to oxidation and epimerization reactions, and by its tend- 
ency to volatilize. Its chromatographic behavior was different from that 
of trioses or of amino acids. When left in contact with paper or other ob- 
jects, the radioactivity from the glycerol spot transferred rapidly from the 
spot to the object. The glycerol could be differentiated from the volatile 
glycolic and lactic acids by difference in ?y value. 

The tentative identification of uridine diphosphate galactose was based 
upon the following evidence. When an active spot was eluted from the 
chromatogram of a 16 hour photosynthetic experiment, the eluate hydro- 
lyzed with phosphatase, and the products chromatographed, two spots 
were obtained, one corresponding to galactose and one to an unknown 
compound. The unknown compound was eluted, mixed with inactive uri- 
dine, and rechromatographed. The radioactive spot and the uridine were 
found to coincide. A chromatogram obtained from a photosynthetic ex- 
periment of short duration produced a band with an absorption peak at 
260 my which is characteristic of nucleotides. Elution of this band and 
hydrolysis of the eluate with phosphatase yielded labeled galactose and 
glucose. No C activity could be found in the uridine moiety after short 
periods of photosynthesis, apparently because of the slow accumulation of 
activity in this compound. Other bands known to correspond to the 
monophosphates of glucose were similarly examined but failed to exhibit 
this absorption peak in the ultraviolet range. 

A compound tentatively identified by chromatographic analysis as uri- 
dine diphosphate glucose (UDPGlu) was also present among the photo- 
synthetic products. However, this compound could not be as completely 
separated from others as was the galactose derivative. Upon chromato- 
graphic separation of the products of a long photosynthetic experiment, 
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one spot was obtained that vielded on hydrolysis glucose, fructose, and 
sedoheptulose or mannose, and a compound that had the same ?y values 
in the two solvents as uridine. 

The a-p-galactosylglycerol phosphate could not be separated from the 
other phosphate esters, but the products of hydrolysis with phosphatase 
consistently showed the presence of labeled floridoside. 


Glycolic 
Acid 


Glyceric Acid 
Phosphate 
BAW 
Phenol n 


2. Radioautogram showing the alcohol-soluble C'*+-labeled compounds formed 
in J. flaccidum after 10 hours of photosynthesis in C¥QO.. The chromatogram was 
first developed in phenol and then in butanol-acetic acid-water (BAW) mixture. 


Results 


Long Period Photosynthesis (6 Minutes to 24 Hours)—The photosyn- 
thetic experiments of longer duration were intended to label strongly all 
the metabolic products in the alga in order to facilitate their identification 
and to determine their relative pool sizes. The radioautogram in Fig. 2 
prepared from an extract obtained after 10 hours of photosynthesis, shows 
the labeled compounds formed. Table I gives the percentage distribution 
of C™ activity in the various algal fractions after 2 and 10 hours of photo- 
synthesis, and after 2 hours in the dark. Table II shows the distribution 
of activity after the same periods in the various alcohol-soluble compo- 
nents. The data in Table II demonstrate that the greatest amount of C™ 
accumulated in the a-p-galactosylglycerol. 
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Although free glucose could not be demonstrated by chemical analysis 
in the red alga, paper chromatographic methods revealed the presence of 


TABLE 
Distribution of C'4 in Various Fractions of I. flaccidum after Photosynthesis 


in and in Dark 


1 gm. fresh weight of Iridophycus samples was used. The 2 hour samples were 


exposed to 0.45 me. and the 10 hour samples to 1.81 me. of C'QOs:. 


tained 45.3 we. per mg. 


The BaC"O; con- 


Photosynthesis Dark fixation 
Fraction 2 hrs. 10 hrs 2 brs. 
‘ity Per cent ‘Percent 
uc. bc. uc. 
Aleohol-soluble fraction................ 331 1260 3.9 91 
Water-soluble polysaccharide. ......... 3.2 | 44 0.3 7 
Total | 340 | 1620 4.3 
TABLE II 


Distribution of C4 in Alcohol-Soluble Components of I. flaccidum after Long 
Periods of Photosynthesis in CO, 


Compound 


Glutamic 

Unidentified compound................ 


Photosynthesis Dark fixation 
2 hrs. 10 hrs. 2 hrs. 
cent Per cent Per cent 
uc. uc. uc. 
20.2; 6.1 0.03 0.8 
216 9.2 | 780 | 61. 0.78 | 20.1 
10, 0.3 1.2 0.30 
0.6) 0.2 0.69 | 17.7 
0.4, 0.1 31.8 
29.4 8.9 40.5 
6.6 0.05 1.3 
36.4 | 11.0 | 29.0 0.02 0.5 
15.0) 4.5 76 
5.2) 1.6] 48 0.03 0.8 


labeled free glucose in the extracts. 


It is possible that this glucose is an 


artifact produced by hydrolysis of phosphorylated glucose; however, con- 
tinual accumulation of activity in gluconic acid, a compound not normally 
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found in higher plants, points to the presence of a low concentration of free 
glucose in the plant which may escape detection by chemical analysis. | 
Phis gluconate is probably derived from glucose by the action of an enzyme ' 


shown to be present in the plant which oxidizes free glicose to gluconic 
acid (17). 

The rate of accumulation of activity in the aleohol-insoluble fraction is 
comparatively slow. Activity in the sulfurvlated galactan, which com- 
prises the major bulk of the plant (5), could be detected only after about 
aun hour of photosynthesis. This delay in detection of activity may partly 
be explained by the great dilution with the non-radioactive polysaccharide. 

The alcohol-insoluble, water-soluble fraction consisting chiefly of galac- 
tan was hydrolyzed with acid and the products were chromatographed. 
The radioautogram obtained from this chromatogram showed the presence 
of a relatively large amount of activity in glucose and only a small amount 
in the galactose. However, when the paper was sprayed with p-anisidine 
hydrochloride, the color reaction showed galactose to be the chief product, 
while the presence of glucose could not be detected. The ratio of the ac- 
tivity of glucose to that of galactose, calculated on the basis of a given 
volume of the hydrolysate, ranged from 3:1 to 20:1 in various photosvn- 
thetic samples. Thus it appears that the alcohol-insoluble fraction con- 
tained a very small amount of a glucose polymer, which had a compara- 
tively high specific activity. 

The experiments conducted in the dark showed that a small amount of 
activity was also fixed in most of the compounds (Tables I and II). The 
highest percentage of the total activity in the dark was found in the galac- 
tosylglycerol, and, as might be expected, in the amino acids associated 
with the respiratory eycles. Comparison of the activities fixed in the 
compounds after 2 hours of photosynthesis with those fixed within the 
same period in the dark shows that all the glutamate and most of the as- 
partate were probably labeled as the result) of dark fixation and not by 
photosynthesis. On the other hand, the other amino acids appear to be 
derived directly from photosynthetic products. 

Short Period Photosynthesis (8 Seconds to 5 Minutes) The purpose of 
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the shorter period experiments was to identify the products formed in , 
the early stages of photosynthesis and to determine the path leading to 
carbohydrate synthesis. The data in Table ITT summarize the results ob- : 
tained from a photosynthetic series. In Fig. 3 these data are plotted on a P 
logarithmic scale in order to accentuate the differences of the low activity ” 
compounds and to indicate the probable order of appearance of activity in 

the intermediates. 


In the shortest photosynthetic exposure of 8 seconds, 69 per cent of the 
fixed activity resided in the phosphoglyceric acid. Subsequent exposures 
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show a continual decrease in the activity of the phosphoglycerate relative 
to the other intermediates (Table II]). This fact is in accord with the 
data obtained by Calvin (21), showing that the first stable intermediate in 
photosynthesis is phosphoglyceric acid. 

Considerable activity was also found after 8 seconds in the sedoheptu- 
lose phosphate, glucose phosphate, and fructose phosphate. Although 
from consideration of the rates of accumulation of activity in these com- 
pounds it was not possible to determine precisely the order of their appear- 
ance, it seemed that sedoheptulose phosphate and fructose phosphate pre- 
ceded the glucose phosphate in the synthetic sequence. This conclusion 


III 


Distribution of Cin Components of I. flaccidum in Short Periods of 
Photosynthesis with 


Total activities, ¢.p.m. Per cent distribution 


Compound 


Photosynthetic period 


&R sec. 15 sec. 30 sec. 60 sec. 120 8 sec. 15 sec. 30 bed 120 

sec. sec. S@€c. 
Phosphoglycerate.............. 52 137 180 192 20269 62 38.4/22 11.3 
Sedoheptulose phosphate... 11.4 35 70.3 157 45215 16 «1518.1 25.0 
Fructose monophosphate. ..... 2.5 5.7) 18.7 46 98 3.3 2.16 4.0) 5.3 5.4 
Glucose 6.1 28 100 259 628;8 13 21.4/29.834.8 
2.4 6.9 22) 0 0 0.5 O.8 1.3 
a-Glycerol phosphate.......... 4.2 14.0 44.1 126,0 1.9 3.0) 5.1) 7.0 
2.4 2%4.2| 112, 0 | 0 0.5; 2.8 6.2 


Total in original sample... .. 76 220.) 468) 869 


is based on the observation that the glucose phosphate concentration in 
the plant was considerably higher than that of the other sugar phosphates, 
indicating that its specific activity must have been lower at that time. 
Ribose phosphate and ribulose phosphate were also labeled, but their ac- 
tivities were too low to make a kinetic analysis possible. 

In the period between 8 and 15 seconds, C'™-labeled a-glycerol phosphate 
and a glucose derivative, presumably UDPClu, appeared. The evidence 
previously presented indicates that this compound is probably identical 
with the UDPClu found by Caputto ef a/. (22) in veast. 

Between 15 and 30 seconds of photosvnthesis a radioactive phospho- 
tviated galactose derivative was detected which was tentatively identified 
as uridine diphosphate galactose (UIDPGal). 

During the same period, labeled floridoside (galactosvlglvcerol) also ap- 
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peared. However, labeled phosphorylated floridoside, presumably because 
of its low concentration, could not be found at this time; it could only be 


LOG TOTAL ACTIVITY 


Og 15 30 60 120 
TIME (SECONDS) 


Fic. 3. Rate of incorporation of C' in compounds labeled during short periods of 
photosynthesis with C“O.. @, phosphoglyceric acid; 0, sedoheptulose phosphate; 
©, glucose phosphate; O, fructose phosphate; A, glycerol phosphate; 


UDPGlu; curve without symbols, UDPGal; crossed curve, floridoside. 


TaBLeE IV 


Comparison of C4 Activities in Glycerol and Galactose Moieties of 
Galactosylglycerol after Various Periods of Photosynthesis 


Experiment No. Time ly | 2 | 
min | | 
1 ) 4 640 | 1210 1 
2 5 530 | 1130 2. 
4 120 | 3550 6920 | 1. 
5 2 


600 1620 3430 


detected after approximately 60 seconds. The accumulation of C™ in the 
nucleotides of galactose and glucose increased with time, the glucose ac- 
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tivity predominating over that of the galactose by a fairly constant ratio 
of 3:1. The monophosphates also showed a large increase in activity with 
time. The curve (Fig. 3) for the gain in activity of the free floridoside was 
especially steep. Other experiments showed that within 5 minutes the 
gain in floridoside activity accounted for 25 to 50 per cent of the total ac- 
tivity fixed in the plant. 

The galactosylglycerol produced after various periods of photosynthesis 
was hydrolyzed, the galactose and glycerol separated chromatographically, 
and their activities determined. The results in Table IV show that after 
4 minutes of photosynthesis the ratio of the activity of galactose to glycerol 
is approximately 2, which is the expected value if it is assumed that all 
carbon atoms of these compounds are equivalently labeled. 


DISCUSSION 


Most of the products formed in the early stages of photosynthesis in J. 
flaccidum are the same as those observed in Chlorella and in higher plants 
by Benson et al. and Calvin (19, 21). The rates of formation of the various 
compounds also appear to be similar in the different organisms. As in the 
higher plants, phosphoglyceric acid is found to be the first stable interme- 
diate compound in the photosynthetic transformation of CO, to sugars. 

It has been demonstrated that C" activity accumulates in the galactosyl- 
glycerol to the greatest extent, showing that this compound is the major 
reserve constituent of this red alga. Attention has therefore been directed 
toward gaining information regarding the mechanism of its formation. 
The detection of uridine diphosphate glucose and uridine diphosphate ga- 
lactose in the first 30 seconds of photosynthesis indicates that probably a 
mechanism, similar to that shown to exist in yeast (22-24), involving the 
enzyme galactowaldenase operates in the alga. In this connection, it 
should be noted that other workers have previously identified uridine di- 
phosphate glucose in green plants, especially in sugar beets in which galac- 
tose is found as a raffinose constituent (25). | 

The kinetic data (Fig. 3) indicate that in the photosynthetic sequence 
C'4_labeled glucose monophosphate precedes radioactive glucose nucleotide 
and is then followed by active galactose nucleotide. 

The very early appearance of C™ label in a-glycerol phosphate with a 
relatively high activity indicates that it is probably derived through the 
reduction of a triose phosphate. However, radioactive triose phosphate 
could not be demonstrated, possibly because of its very low concentration. 

It can be postulated that the galactose nucleotide, presumably UDPGal, 
condenses with the a-glycerol phosphate, splitting off uridine diphosphate, 
to form galactosylglycerol phosphate. Free galactosylglycerol is then pro- 
duced upon hydrolysis of the phosphate group. The polysaccharide sul- 
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furic acid ester of galactan is probably synthesized through sulfurylation 
of galactose units and subsequent polymerization. 

Analogous to UDPGlu, shown by Leloir ef al. (26, 27) to serve as a glu- 
cose donor in the formation of trehalose phosphate by a veast preparation 
and sucrose by a wheat germ preparation, UDPGal may function as the 
galactose donor in the synthesis of the complex galactose saccharides in 
the red alga. 

Fig. 4 is a schematic representation of possible pathways for the forma- 
tion of the galactose-containing carbohydrates. 


CO; PGA 
Regenerative oc-Glycerol-P oc-D-Galactosylglycerol 
Cycle 


oc-D-Galactosylglycerol-P 


UDPGal-____ 
f Pol¥galactose 
UDP Glu 
Glucose-P 
Fig. 4. Seheme indicating probable sequence of photosynthetie production of 
carbohydrates from in J. flaceidum. PGA = phosphoglyceric acid; FDP? = 


fructose diphosphate. 


SUMMARY 


The path of synthesis leading to the production of carbohydrates in the 
red alga [ridophycus flaccidum during photosynthesis with C'Os has been 
investigated. 

As in green plants, phosphoglyceric acid appears to be the first stable 
intermediate in the transformation of CO. to organic compounds. 

Most of the phosphorylated products formed in the earlier stages of 
photosynthesis of the red alga appear to be identical with those produced 
in the green plants. In addition, a-glycerol phosphate and a-p-galact osvl- 
2-glycerol phosphate are formed. 

Glycine, serine, alanine, glyceric acid, glycolic acid, malic acid, glutamic 
acid, and aspartic acid are also present. 
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The data suggest that synthesis of a-p-galactosyl-2-glycerol may occur 
through condensation of UDPGal with a-glycerol phosphate, elimination 
of uridine diphosphate, and subsequent hydrolysis of the galactosylglycerol 
phosphate, thus forming the free galactoside. 

The a-p-galactosyl-2-glycerol, analogous to sucrose in the higher plants, 
appears to be the main reserve carbohydrate in the red alga. 
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FURTHER STUDIES ON THE BIOSYNTHESIS OF 
y-GLUTAMYL PEPTIDES BY TRANSFER 
REACTIONS 


By WILLIAM J. WILLIAMS,* JACK LITWIN, ann CURTIS B. THORNE 
(From Camp Detrick, Frederick, Maryland) 


(Received for publication, August 16, 1954) 


Previous studies (1, 2) have shown that an exoenzyme preparation ob- 
tained from Bacillus subtilis ATCC 9945 catalyzes transamidation reactions 
between glutamine and amino acids to form y-glutamyl peptides and a 
transpeptidation reaction with y-Glu-Glu' resulting in the formation of 
y-glutamyl peptides of greater chain length. Further studies have shown 
that the reaction between L-glutamine and p-glutamic acid could proceed 
to the formation of compounds believed to be higher peptides of glutamic 
acid. This led to a study of the reactions of the natural polypeptide of 
B. subtilis catalyzed by this enzyme preparation. In addition to hydrolysis 
of the polypeptide reported previously (3) it was found that the enzyme 
preparation catalyzes a transpeptidation reaction between polypeptide and 
p-glutamic acid which results in the formation of y-Glu-Glu. This report 
contains further data on the transfer and hydrolytic reactions with L-glu- 
tamine and data on the transfer and hydrolytic reactions with the natural 
polypeptide of B. subtilis. 


Materials and Methods 


Materials—The enzyme preparations were obtained as reported previ- 
ously from either yeast extract medium (1) or synthetic medium (2). The 
source of enzyme is noted with each experiment. pD-Glutamic acid-1-C%, 
p-glutamic acid, and the authentic glutamic acid peptides were the prepara- 
tions used earlier (1, 2). 

Preparation of Polypeptide—Polypeptide was prepared from 28 liters of 
filtrate from 12 day-old cultures of B. subtilis ATCC 9945 grown on Sauton’s 
medium at 37° in static culture (4). The polypeptide was purified by pre- 
cipitation as the copper salt (4), followed by precipitation as the silver 
salt (5). After removal of the excess silver with NaCl, the solution was 
dialyzed until free of chloride and was lyophilized to remove the water. 


* Lieutenant, Medical Corps, United States Naval Reserve. Present address, 
Department of Medicine, Hospital of the University of Pennsylvania, Philadelphia, 
Pennsylvania. 

The following abbreviations are used: y-Glu-Glu = y-glutamylglutamic acid, 
Tris = tris(hydroxymethyl)aminomethane, d.p.m. per ymole = disintegrations per 
minute per umole. 
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The vield was 12.9 gm. Paper chromatography showed that no free 
amino acids were present in solutions of the polypeptide and that only 
glutamic acid was released on hydrolysis in 3 .~ TCL at 120° for 4 hours. 
The final product. contained 6 per cent moisture. The glitamie acid: of 
the polypeptide contained 78 per cent of the p isomer, 


Nad, (151.1 r 
Calculated (as glutamic acid), N 9.5; found, 9.5 
glutamic acid released on hydrolysis 97; found, 03 


Methods—Duplicate reaction mixtures were incubated in stoppered tubes 
at 36.5°. The compositions of the reaction mixtures are given with each 
experiment. Appropriate control vessels were included with each experi- 
ment, and the results presented are corrected for these controls. Glutamic 
acid or y-Glu-Glu formed in the reaction mixtures was determined by 
quantitative paper chromatography (1, 2, 6). Glutamic acid in the pres- 
ence of an equimolar quantity of ammonia gave values about 5 per cent 
greater than those found in the absence of ammonia. This correction was 
applied to the results obtained in the experiments on the hydrolysis of glu- 
tamine. Ammonia was collected by the method of Sobel et al. (7) and was 
estimated by nesslerization. Hydroxamice acid was determined by the 
ferric chloride reaction (8). 

lon exchange chromatography on columns of Dowex 50 resin, qualitative 
paper chromatography, and the determination of total glutamic acid, 
L-glutamic acid, total N, Van Slyke amino N, free amino groups, and 
radioactivity were carried out as reported previously (1, 2). 


Results 


Reactions with L-Glutamine 


Hydrolysis of U-Glutamine—F ig. 1 shows the rate of release of glutamic 
acid from glutamine in the presence of enzyme. The inset graph shows that 
tly reaction was proportional to enzyme concentration for incubation pe- 
riods of 15 and 30 minutes. Traces of dipeptide were present on the paper 
chromatograms of the reaction mixtures from these experiments, but these 
were not measured. 

The effect of substrate concentration on the hydrolysis of L-glutamine 
is included in Fig. 2. The A,, was calculated from one of the Lineweaver- 
Burk equations (9) to be 144 &K 107° M. 

The effect of pH on the hydrolysis of L-glutamine is included in Fig. 3. 
Optimal activity was found at about pH 8.8. Also presented in Fig. 3 is 
the effect of pH on the formation of hydroxamic acid from L-glutamine and 
hydroxylamine. Optimal activity for this reaction was found at about 
pH 6.5. The enzyme preparation used in the experiment on hydroxamic 
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acid formation was of low activity; hence much more protein was added 
than in the other experiments. 

Transamidation with L-Glitamine Fig. 2 also shows the effeet of sub- 
strate concentration on the svnthesis of y-CGlu-Glu from L-glutamine and 
p-glutamie acid. Half maximal rates were obtained with about 12 10% 
Mi-glutamine and about 10 p-glutamic acid.  Tlowever, interpre- 
tation of these data is complicated by the hydrolysis of L-glutamine and by 
the activity of L-glutamine as a replacement agent (1). Since it is not 
known whether these reactions are catalyzed by the same enzyme, purifica- 
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hig. 1. Rate of hydrolysis of L-glutamine. Each vessel contained L-glutamine 
160 wzmoles, Tris buffer 40 wmoles, and enzyme prepared from synthetic medium in 
total volume of 1 ml. Final pH was 8.8; vessels incubated for the times noted. The 
enzyme concentration in mg. of protein per ml.: X = 0.13, @ = 0.30, and O = 042; 
in the inset graph the time in minutes, A = li and O = 30. 


tion of the enzyme preparation will be necessary before the significance of 
these results can be evaluated. 

ficiency of Transamidation Reaction An experiment was performed to 
compare the extent of hydrolysis and transamidation of L-glutamine in 
the presence of p-glutamic acid. L-Glutamine 120 umoles, p-glutamic 
acid 240 umoles, Tris buffer 60 umoles, and 0.24 mg. of protein prepared 
from synthetic medium were incubated in 1.5 ml. at pH 8.8 for 30 minutes 
and the ammonia and y-Glu-Glu formed were determined. The ammonia 
released shows the quantity of L-glutamine participating in both the hy- 
drolysis and transamidation, while the dipeptide formed is a measure of the 
glutamine participating in the transfer reaction. In this experiment 3.5 
umoles of ammonia per ml. and 2.2 uwmoles of dipeptide per ml. were 
formed, showing that 63 per cent of the glutamine reacting participated in 
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the transamidation. Since y-Glu-Glu can be formed from L-glutamine 
alone (1), and 2 moles of ammonia would be liberated for every mole of di- 
peptide synthesized in this manner, the efficiency of the transamidation is 


(2) 


2 


© 


0 40 80 120 160 200 
uM SUBSTRATE PER ML.REACTION MIXTURE 

Fic. 2. Effect of substrate concentration on hydrolysis of L-glutamine (A), for- 
mation of y-Glu-Glu from L-glutamine (@) and v-glutamic acid (O), and formation 
of y-Glu-Glu from polypeptide and p-glutamic acid (0). In the experiment on 
L-glutamine hydrolysis each vessel contained L-glutamine as noted, Tris buffer 20 
umoles, and 0.12 mg. of protein prepared from synthetic medium in a total volume 
of 0.5 ml. Final pH was 9.0; vessels incubated for 30 minutes. For this curve the 
glutamic acid formed is plotted as micromoles per 0.5 ml. of reaction mixture. In 
the experiment on the effect of L-glutamine concentration on y-Glu-Glu synthesis 
each vessel contained L-glutamine as noted, p-glutamic acid 90 wmoles, Tris buffer 
20 umoles, and 0.1 mg. of protein prepared from synthetic medium in a total volume 
of 0.5 ml. In the experiment on the effect of p-glutamic acid concentration each 
vessel contained p-glutamic acid as noted, L-glutamine 120 uwmoles, Tris buffer 60 
umoles, and 0.24 mg. of protein prepared from synthetic medium in a total volume 
of 1.5ml. In both experiments final pH was 8.9 and vessels incubated for 30 minutes. 
In the experiment on the effect of added p-glutamic acid on dipeptide synthesis from 
polypeptide each vessel contained p-glutamic acid as noted, glutamyl polypeptide 
8 mg., Tris buffer 20 umoles, and 0.12 mg. of enzyme prepared from synthetic medium 
in a total volume of 0.5 ml. Final pH was 8.6; vessels incubated for 1 hour. 


COMPOUND FORMED PER MLREACTION MIXTURE 


probably somewhat greater than that calculated. With concentrations of 
p-glutamic acid less than that required for maximal rate of y-Glu-Glu syn- 
thesis, the efficiency of the reaction was diminished. 

Previously it was reported (1) that 72 per cent of the glutamic acid of 
the y-Glu-Glu formed from L-glutamine and p-glutamic acid was the L 
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isomer. In order to determine whether the concentration of p-glutamic 
acid in the reaction mixture influenced the incorporation of p-glutamic 
acid into y-Glu-Glu an experiment was performed in which two vessels were 
incubated under the conditions of the previous experiment, except that 
Vessel 1 contained 60 umoles per ml. of p-glutamic acid while Vessel 2 con- 
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ACTIVITY AS PER CENT OF MAXIMUM 


50 70 80 9390 00 
pH 

Kia. 3. Effect of pH on the hydrolysis of L-glutamine (Curve A), hydroxamic 
acid formation from L-glutamine (Curve B), hydrolysis of polypeptide (Curve C), 
dipeptide formation from polypeptide (Curve D), and hydroxamic acid formation 
from polypeptide (Curve E). Curve A, conditions as in Fig. 1, except that 0.1 mg. 
per ml. of protein prepared from synthetic medium was used. The buffers were 
y-collidine at pH 6.3 and 7.9 and Tris from pH 7.9 to 9.6. Curve B, each vessel con- 
tained L-glutamine 50 wmoles, hydroxylamine 150 uwmoles, Tris buffer 33 umoles when 
used, and 0.7 mg. of protein prepared from yeast extract medium in a total volume of 
1 ml. Vessels incubated for 1 hour. The buffers were hydroxylamine from pH 5.4 
to 6.9 and Tris from pH 6.9 to 8.7. Curve C, each vessel contained polypeptide 16 
mg., Tris buffer 30 ymoles, and 0.36 mg. of protein prepared from synthetic medium 
in a total volume of 1 ml. Vessels incubated for 1 hour. Curve D, each vessel con- 
tained polypeptide 8 mg., p-glutamic acid 38 ymoles, Tris buffer 30 uzmoles, and 0.12 
mg. of protein prepared from synthetic medium in a total volume of 0.5 ml. Vessels 
incubated for 1 hour. Curve E, each vessel contained polypeptide 16 mg., hydroxyl- 
amine 200 umoles, Tris buffer 40 umoles, and 0.12 mg. of protein prepared from syn- 
thetic medium in a total volume of 1.0 ml. Vessels incubated for 2 hours. 


tained 200 umoles per ml. of p-glutamic acid. Both vessels contained 15 
ml. of reaction mixture. The dipeptides formed in these vessels were iso- 
lated by ion exchange chromatography and migrated identically with au- 
thentic y-L-Glu-L-Glu on paper chromatography in phenol-water (F- 0.11 
to 0.12), butanol-acetic acid-water (R,- 0.42 to 0.44), propanol-water (Rr 
0.02), and lutidine-water (2, 0.11 to 0.12). The compounds were hydro- 
lyzed in 3 N HCl at 120° for 4 hours and yielded only glutamic acid, as 
evidenced by paper chromatography in phenol-water (R, 0.24 to 0.25), 
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butanol-acetic acid-water 0.43 to 0.46), propanol-water (/?, 0.06 to 
0.07), and lutidine-water (2, 0.19 to 0.21). Total glutamic acid and L- |} t 
glutamic acid were determined on the hydrolyzed solutions. 1 ml. of a | 

solution of hydrolyzed y-Glu-Glu from Vessel 1 contained 9.4 uwmoles of — | t 
total glutamic acid and 7.1 wmoles of the L isomer, showing that 75 per cent | 
of the total glutamic acid existed as the L isomer. 1 mi. of a solution of \ 
hydrolyzed y-Glu-Glu from Vessel 2 contained 6.5 wmoles of total glutamic | \ 
acid and 3.8 wmoles of the L isomer, showing that 58 per cent of the total | \ 
glutamic acid was the L isomer. Thus with increasing concentrations of —— 


p-glutamic acid in the reaction mixtures the p-glutamic acid incorporated 
into y-Glu-Glu approaches the theoretical 50 per cent. 

Synthesis of Higher Peptides— Av experiment was performed to determine 
whether longer peptide chains than a dipeptide could be synthesized from 
L-glutamine and p-glutamic acid. 1 mmole of L-glutamine and 1.5 mmoles | ( 
of p-glutamic acid were incubated with 0.2 mmole of Tris buffer and 6.0 © ( 
mg. of protein prepared from synthetic medium in a total volume of 10.5 0 | 
ml. at pl] 9.0 for 12 hours. After 4 and 8 hours of incubation, 0.5 mmole of 
L-glutamine and 0.84 mg. of protein were added to the reaction mixture. 
A small amount of floeculent precipitate appeared during the incubation, 
but insufficient quantities of this material were formed to permit further — ‘ 
study. Paper chromatograms of the reaction mixture were developed in 
phenol-water for 7 days by the descending technique. During this time = = 
L-glutamine and p-glutamic acid migrated off the paper. Four distinct 
ninhydrin-positive spots were present on the paper chromatograms. These 


re 


migrated relative to authentic y-L-Glu-L-Glu (Rp 0.10) with Rp values of | 
0.10, 0.07, 0.05, and 0.04, and there was a significant amount of ninhydrin- | 
positive material remaining at the starting spot. Larger aliquots of the | : 
reaction mixtures were streaked on filter paper and chromatographed by the | 
descending technique as above. The areas corresponding to the new 
compounds were located with the aid of guide strips and the compounds , | 
were eluted from the paper with water. _yvdrolysis in 3.~ HCl at 120° for 
4 hours released only glutamic acid, as evidenced by paper chromatography | 
in the four solvents used. Thus these compounds are peptides of glutamic | 
acid and their stepwise appearance suggests a stepwise increase in chain : 
length. If this is the case, then the compounds possibly are a dipeptide — — : 
(Ry, 0.10), tripeptide (Ry 0.07), tetrapeptide (Ry 0.05), and pentapeptide 
(Ry 0.04), with even higher peptides remaining at the starting spot. A 
similar experiment was performed in which the reaction mixture Was incu. | 
bated for 34 hours with interval additions of L-glutamine and enzyme. | ' 
Descending paper chromatograms of the reaction mixture showed a series — 

of six separate spots in addition to the ninhydrin-positive material at the | 
starting spot. This indicates that possibly peptides containing 7 glutamic 


W. J. WILLIAMS, J. LITWIN, AND ©. B. THORNE 433 


acid residues can be demonstrated, with even longer peptides remaining at 
the starting spot. 

5 ml. of the reaction mixture from the 12 hour experiment were run 
through a 0.8 & 16 em. column of Dowex 50 resin in the hydrogen eyele. 
After the reaction mixture had passed into the resin, the column was washed 
with 38 ml. of water. The effluent of the reaction mixture and the wash 
water were combined. A paper chromatogram of this solution developed 
with phenol-water for 7 days by the descending technique showed only : 
ninhydrin-positive starting spot. Hydrolysis of this solution in 3 x HCl 
at 120° for 4 hours yielded only glutamic acid, as evidenced by paper chro- 
matography in the four solvents used. This solution contained 0.07 mg. 
of N per ml., and on hydrolysis yielded 0.72 mg. of glutamic acid per ml. 
Thus the peptide contained 9.7 per cent N calculated as glutamic acid N 
(theory 9.5 per cent N). The compound released approximately 40 per 
cent of its N on treatment with nitrous acid for 5 minutes at 30.5° in the 
Van Slyke procedure for amino N. This lability with nitrous acid suggests 
that at least some of the glutamic acid residues are connected in y linkages 
(2). These data indicate that the ninhydrin-positive material remaining 
after the resin column treatment consisted of glutamic acid peptides prob- 
ably of chain length greater than 5 glutamic acid residues. 


Keperiments with Glitamyl Polypeptide 


Hydrolysis of Polypeptide—As reported previously (3) enzyme prepara- 
tions similar to those used here catalyzed the hydrolysis of the glutamy] 
polypeptide. Paper chromatograms developed in phenol-water of reaction 
mixtures containing polypeptide and enzyme incubated under the condi- 
tions used here showed that glutamic acid was formed (/?¢ 0.23), and, in 
addition, small quantities of a compound migrating as a dipeptide of 
glutamic acid (R»¢ 0.10) and, in some cases, traces of a compound migrating 
as a tripeptide of glutamic acid (/?» 0.07) were formed. At least 4 times 
as much glutamic acid as dipeptide was formed as measured by quantita- 
tive paper chromatography. The glutamic acid and dipeptide formed 
were measured by quantitative paper chromatography and by direct de- 
termination on the reaction mixture of the ninhydrin-positive material 
formed, with glutamie acid as the standard in the direct method. The 
values obtained by the direct method agreed satisfactorily with the sum of 
glutamic acid and y-Glu-Glu measured by paper chromatography, and the 
data presented here were obtained by the direct method. 

Fig. 4 demonstrates that the rate of release of glutamic acid from the 
polypeptide in the presence of enzyme was linear for a 4+ hour period with 
the two enzyme concentrations tested. The inset graph shows that the 
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release of glutamic acid from the polypeptide was proportional to the 
enzyme concentrations for an incubation period of 1 hour. 

Fig. 3 includes the effect of pH on the release of glutamic acid from the 
polypeptide. The curve is relatively flat with optimal activity occurring 
at about pH 8.8. 

Transpeptidation with Polypeptide—The possibility that a transpeptida- 
tion reaction could occur between polypeptide and p-glutamic acid was 
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Fic. 4. Rate of release of glutamic acid from polypeptide (solid curves) and rate 
of formation of dipeptide from polypeptide and p-glutamic acid (broken curves). 
For the curves for the release of glutamic acid from polypeptide each vessel con- 
tained polypeptide 40 mg., Tris buffer 100 umoles, and protein prepared from syn- 
thetic medium in a total volume of 2.5 ml. Final pH was 9.0; vessels incubated for 
the times noted. Knzyme in mg. of protein per ml.: X = 0.24 and @ = 0.36. In the 
inset graph A represents the glutamic acid released in 1 hour. For the curves for 
the formation of dipeptide from polypeptide and p-glutamie acid each vessel con- 
tained polypeptide 32 mg., p-glutamic acid 150 wmoles, Tris buffer 40 umoles, and 
protein prepared from synthetic medium in a total volume of 2.0 ml. Final pH was 
8.6; vessels incubated for the times noted. The enzyme concentration in mg. of 
protein per ml.: O = 0.12 and A = 0.24. In the inset graph 0 represents the di- 
peptide formed in 1 hour. 


tested by incubating polypeptide and enzyme with increasing concentra- 
tions of p-glutamic acid and determining the quantity of y-Glu-Glu formed. 
The data from this experiment are included in Fig. 2. A trace of dipeptide 
was formed in the vessel containing polypeptide without p-glutamic acid, 
and the addition of p-glutamic acid up to 60 wmoles per ml. stimulated the 
reaction markedly. Higher concentrations of p-glutamic acid were in- 
hibitory, while L-glutamic acid in concentrations of 60 and 180 ymoles per 
ml. had no significant effect on the reaction. Small amounts of a compound 
migrating on paper chromatograms as a tripeptide of glutamic acid were 
formed in the vessels in which large amounts of dipeptide were formed. 
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Identification of Dipeptide and Analysis of Reaction by Tracer Studies— 
160 mg. of polypeptide, 600 uwmoles of p-glutamic acid-1-C™ of specific 
activity 10,000 d.p.m. per umole, 400 pmoles of Tris buffer, and 2.4 mg. of 
protein prepared from synthetic medium were incubated in a total volume 
of 10 ml. at final pH 8.9 for 4 hours. The reaction mixture was chromato- 
graphed on a column of Dowex 50 resin. <A ninhydrin-positive compound 
was eluted from the column with a peak effluent volume of 580 ml. of 0.1 
n HCl. The effluent fractions containing this compound were combined 
and lyophilized to remove the solvent. The glassy residue was dissolved 
in water, decolorized with Norit, and analyzed. The compound migrated 
identically with y-Glu-Glu on paper chromatograms developed in phenol- 
water (FR, 0.11 to 0.12), propanol-water (Py 0.02), butanol-acetic acid- 
water (Rp 0.42 to 0.44), and lutidine-water (PR, 0.11 to 0.12). Hydrolysis 
of the compound in 3 N HCl at 120° for 4 hours yielded only glutamic acid, 
as evidenced by paper chromatography in the four solvents used. The 
solution of the compound contained 0.116 mg. of total N per ml., 0.011 
mg. of ammonia N, and on hydrolysis yielded 1.07 mg. of glutamic acid 
per ml. The glutamic acid thus contained 9.8 per cent N (theory 9.5 per 
cent). The source of the ammonia in the solution is uncertain, but it prob- 
ably was taken up from the air by the acidic effluent from the resin column. 
The solution of the compound contained 3.9 umoles of free amino groups and 
released 7.3 ymoles of glutamic acid per ml. on hydrolysis. Thus 1 umole 
of free amino groups was present for every 1.9 umoles of glutamic acid con- 
tained in the compounds. These data are all consistent with the identifi- 
cation of this compound as y-Glu-Glu. 

The specific activity of the free glutamic acid isolated from the reaction 
mixture at the end of the experiment was 9600 d.p.m. per umole and was 
thus essentially unchanged by the incubation. The glutamic acid released 
from the dipeptide on hydrolysis contained 5000 d.p.m. per umole. The 
free amino end-group and the free y-carboxyl end-group of the y-Glu-Glu 
were separated by the dinitrofluorobenzene procedure used previously (1). 
The free y-carboxyl end-group contained 9900 d.p.m. per umole. The free 
amino end-group was counted as crude dinitrophenylglutamie acid and 
contained approximately 100 d.p.m. per umole. The radioactivity of 
the total glutamic acid of the dipeptide could be accounted for by the 
radioactivity of the free y-carboxyl end-group and the absence of a signifi- 
cant amount of radioactivity in the free amino end-group shows that this 
moiety arose from the polypeptide. Thus the reaction is a transpeptidation 
in which the glutamic acid forming the free amino end-group of the di- 
peptide is transferred from the polypeptide to free glutamic acid to form 
y-Glu-Glu. 

Effect of Enzyme Concentration—Fig. 4 shows that the rate of dipeptide 
synthesis was linear for 2 hours with the lowest enzyme concentration, but 
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deviated from linearity with longer incubation times or with higher enzyme 
concentrations. The inset graph shows that the quantity of dipeptide 
synthesized was proportional to enzyme concentration over a 3-fold range 
for an incubation period of | hour. Comparison of the curves in the inset 
graph of Fig. 4 shows that the quantity of y-Glu-Glu formed from polypep- 
tide and added p-glutamic acid was greater than that of free glutamic acid 
formed from the polypeptide without added p-glutamic acid. 

[effect of pH— Fig. 3 includes the effect of pH on the synthesis of dipeptide 
from polypeptide and p-glutamie acid. Optimal activity was found at 
about 8.5. 

Reaction with Hydroxylamine Incubation of polypeptide and hydroxy|- 
amine with the enzyme resulted in the formation of a hydroxamic acid as 
detected by the ferric chloride reaction. Maximal formation of hydroxamic 
acid occurred with about 0.2 Mm hydroxylamine and higher concentrations of 
this compound were inhibitory. About one-third as much hydroxamic 
acid was formed from the polypeptide and hydroxylamine in the absence 
of enzyme as was formed from these two substances in the presence of en- 
zyme. The effect of pH on this reaction is presented in Fig. 3.0 Optimal 
activity was found at about pH 8.5, which is the same as the pH optimum 
for the formation of y-Glu-Glu from polypeptide and p-glutamice acid. 

DISCUSSION 

These experiments show that the extent of the transamidation reaction 
between L-glutamine and p-glutamic acid exceeded the hydrolysis of L- 
glutamine when the appropriate concentration of p-glutamic acid was 
present. Optimal activity was found at about pI 8.8 for the hydrolysis 
of L-glutamine. Since this is the same pH optimum found for the trans- 
amidation between L-glutamine and p-glutamic acid (1), the efficiency of 
the transamidation would not be influenced by pH. The efficiency found 
here is of the same order as that reported for some of the transfer reactions 
of protemases by Dowmont and Fruton (10), but is less than that found 
with this enzyme preparation and y-p-Glu-p-Glu as substrate (2) or for the 
most efficient transfer reactions studied by Fruton ef al. (11). 

The enzyme preparation catalyzes the formation of a hydroxamic acid 
from L-glutamine and hydroxylamine (12). Optimal activity for the re- 
action with L-glutamine occurred at about pil 6.5 and this suggests that 
the reaction is catalyzed by a different enzyme. This suggestion is 
strengthened by the results of preliminary studies on the formation of a 
hyvdroxamic acid from p-glutamine and hydroxylamine, since optimal ac- 
tivity for this reaction occurs above pil 8.0. 

These experiments demonstrate that the polypeptide produced by B. 


subtilis can donate a y-glutamyl radical which ean be transferred to. p- 
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glutamic acid to form y-Glu-Glu. The y-linked structure of the dipeptide 
formed indicates that the peptide bonds of the polypeptide attacked by the 
enzyme are y-linked. Comparison of the quantity of dipeptide formed 
from polypeptide and p-glutamic acid with that of glutamic acid and di- 
peptide formed trom polypeptide alone suggests that the transfer reaction 
occurs more readily than the hydrolysis, although no data are availible on 
the extent of hydrolysis of polypeptide in the presence of p-glutamic acid. 

The formation of y-Glu-Glu from polypeptide and p-glutamic acid oc- 
curred optimally about 0.3 of a pHT unit lower than the hydrolysis of the 
polypeptide, while the reaction between polypeptide and hydroxylamine 
proceeded optimally at the same pl as the transpeptidation reaction. As 
in the case of the formation of a hydroxamic acid from y-p-Glu-p-Glu and 
hydroxylamine (2), possibly this reaction demonstrates the presence of an 
active Intermediate rather than a specific enzymatic reaction. 

The formation from L-glutamine and p-glutamic acid of compounds be- 
lieved to be higher peptides of glutamic acid supports the suggestion that 
the enzyme (or enzymes) of this preparation may be responsible for poly- 
peptide synthesis by B. subtilis. Further studies are necessary to de- 
termine how large a peptide actually can be formed with this enzyme prep- 
aration. Although this enzyme preparation catalyzes several transfer and 
hydrolytic reactions involving closely related substrates (1,2), purification 
studies will be necessary to determine whether one or several enzymes are 


responsible for these reactions. 


The authors are indebted to Dr. Riley D. Hlousewright for his interest 
and encouragement during the course of this work. 


SUMMARY 


I. In the transamidation reaction between L-glutamine and p-glutamic 
acid catalyzed by an cnzyme preparation from Bacillus subtilis the extent 
of the transamidation excecds that of the hydrolysis of L-glutamine under 
the conditions tested, 

2. Optimal activity for the hydrolysis of L-glutamine by this enzyme 
preparation was found at about pill 8.8. The enzyme preparation also 
eatalyzed the formation of a hydroxamic acid from L-glutamine and hy- 
droxvlamine. Optimal activity was found at about pil 6.5 for this reae- 
tion, 

3. Prolonged incubation of L-glutamine and p-glutamic acid with the en- 
zyme preparation results in the formation of several compounds believed to 
be glutamic acid peptides of increasing chain length up to at least 6 @lu- 
tamic acid residues as evidenced by paper chromatography. 

4. The enzyme preparation catalyzes a transpeptidation reaction in which 
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y-glutamyl radicals are transferred from the polypeptide produced by 
this organism to p-glutamic acid to form y-Glu-Glu. The enzyme prepara- 
tion also catalyzes the formation of a hydroxamic acid from polypeptide 
and hydroxylamine. Optimal activity for the hydrolysis of polypeptide 
occurred at about pH 8.8, while optimal activity for the transpeptidation 
and hydroxamic acid formation occurred at pH 8.5. 
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THE SEDIMENTATION BEHAVIOR OF ALCOHOL 
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(Received for publication, August 6, 1954) 


Previous reports (1, 2) have described a technique designed to permit 
the use of specific analytical methods in sedimentation studies of enzymes 
and other materials of high molecular weight. The procedure, which 
combined centrifugation in a horizontal preparative rotor with subsequent 
analysis of samples obtained from the tube contents, has provided accurate 
information about the sedimentation behavior of a variety of purified 
compounds (2). A demonstration of the applicability of the method to 
the study of enzymes in relatively crude states and at low concentrations, 
ie. situations in which the use of the optical ultracentrifuge is precluded, 
constituted the aim of the present investigation. 

For the initial sedimentation studies of crude preparations, it was de- 
sirable to select enzymes that were reasonably stable, had been obtained 
in highly purified form, and had been characterized in the optical cen- 
trifuge. Yeast alcohol dehydrogenase and jack bean urease fulfilled these 
requirements (2-5). By utilizing the technique referred to above, the 
sedimentation patterns of both enzymes as they exist in the crude state 
have been obtained. Alcohol dehydrogenase behaved as an essentially 
monodisperse compound, sedimenting at a rate in good agreement with 
that reported for the crystalline enzyme. Urease, however, was definitely 
not monodisperse. Only half of the activity sedimented at the rate 
ascribed to crystalline urease. The remainder was associated with three 
discrete components of higher molecular weight. 


EXPERIMENTAL 


Enzyme Preparations—Crude solutions of yeast alcohol dehydrogenase 
were prepared by carrying out without modification the first few steps of 
Racker’s procedure (6) for the crystallization of the enzyme. In two 
experiments, the preparations were obtained by extracting bakers’ yeast 
with 0.066 Mm NaslIPO,, heating the extract at 55° for 15 minutes, and 
centrifuging (6). In a third experiment, the preparation was a precipitate 
obtained from the heated extract by acetone fractionation (6). The pre- 
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cipitate was dissolved in 0.145 Mm NaCl and dialyzed at 0° against 0.145 u 
NaCl-0.01 M potassium phosphate buffer, pH 7.3. The crude preparations 
were stored at O° for no longer than 16 hours and were used in the sedi- 
mentation studies at dilutions of 1:20 (heated extracts) and 1:50 (acetone 
fraction) in 0.145 Mm NaCl-0.05 M potassium phosphate buffer, pT 7.0. 

Crude solutions of urease were prepared by thorough homogenization 
(7) of 5 per cent suspensions of defatted jack bean meal! in cold 0.145 
NaC l-0.05 M potassium phosphate buffer, pH] 6.5. The homogenates were 
then clarified by high speed centrifugation at 0-5° (see Table IT) and used 
without dilution in the sedimentation studies. 

Centrifugation and Sampling—Centrifugation was carried out the 
SW-39 swinging bucket rotor of the Spinco model EE ultracentrifuge, with 
Lusteroid centrifuge tubes containing 4.00 ml. aliquots of the solutions 
under study. The dimensions of the rotor and the details of the operation 
of the centrifuge have been deseribed (2). The time and speed of cen- 
trifugation for each experiment are presented in Tables IT and IL. Sedi- 
mentation was always carried out in the presence of a sucrose density 
gradient m order to stabilize the boundaries during deceleration of the 
centrifuge (2). 

Following centrifugation, the tubes were carefully removed from. the 
rotor and the fluid columns sampled at successive levels from top to bottom 
by means of a technique involving a minimum of convective disturbance 
(2). Fifteen or sixteen samples were taken from each tube, weighed, and 
diluted for assay of enzyme activity. Urease samples were diluted with 
0.145 mM sodium chloride and alcohol dehydrogenase samples with 0.05 m 
potassium phosphate, pl] 7.4, containing 0.1 per cent bovine serum. al- 
bumin (6). Assays were carried out immediately after dilution. 

The average distance of each sample from the meniscus was calculated 
from the weight of the sample, the density of the solution, and the dimen- 
sions of the bucket of the rotor (2). The distance from the axis of rotation 
to the meniscus was 6.48 em. at 39,460 rp.m. and 6.46 em. at 29,500 
r.p.m. (2). 

Enzyme Assays Alcohol dehydrogenase activity was measured spectro- 
photometrically at 22° according to Racker (6), except that the reaction 
mixture contained 0.001 diphosphopyridine nucleotide (IDPN) and 1.0 
M ethanol. Under these conditions, the rates of reduetion of IYPN  (in- 
crease in optical density at 340 my) were constant throughout the Pst min- 
ute after the addition of enzyme and, at optical density changes of 0.06 
or less during the 30 second measurement period, were linearly proportions! 
to enzyme concentration. “Phe rates were found to be approximately 
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2.5 times greater than those obtained at the DPN and alcohol concen- 
trations employed by Racker (6). 

Urease activity was determined by a modification of the method of Sum- 
ner (8S). The reaction mixture, containing 0.25 M urea, 0.25 mM potassium 
phosphate buffer (pT 6.5), and enzyme in a final volume of 2.00 ml., was 
shaken at 20° for 10 minutes, and the reaction was then stopped by the 
rapid addition of 2 ml. of a saturated solution of KeCOs;. Distillation of 
the free ammonia by aeration into 5 ml. of 2 per cent boric acid was begun 
immediately thereafter and continued for 40 minutes. The ammonia was 
determined titrimetrically (9). The rate of release of ammonia nitrogen 
by urease was linearly proportional to enzyme concentration. In the 
present study of crude urease preparations, the addition of protective 
substances to the reaction mixtures (8, 10) was unnecessary. * 

Approximate alcohol dehydrogenase and urease contents of the crude 
preparations (Tables [and I1) were calculated from the known specific 
activities of the crystalline enzymes (6, 8). 

The construction of sedimentation curves from sampling data (see be- 
low) required that the position of each point in the region of the boundaries 
be determined with considerable accuracy. Duplicate determinations of 
urease activity, performed on each sample, rarely differed by more than 
3 per cent and frequently by less than | per cent. The experimental error 
of the aleohol dehydrogenase assay Was approximately twice as great as 
that of the urease assay. Accordingly, no less than three, and as many 
as five, determinations were carried out on each sample within the bound- 
ary regions of the alcohol dehydrogenase curves, and the results were 
averaged to obtain the plotted values. When duplicate assays were made 
of samples in the plateau regions of the sedimentation diagrams, the scatter 
of the averaged values about a straight line (ig. 1) was within the range 
of experimental error. 

Treatment of Sampling Data—Sedimentation diagrams (Figs. | and 2) 
were constructed from the sampling data of each experiment by expressing 
the activities of the samples as fractions, -1,, of the original activity of the 
uncentrifuged solution and plotting each value of -l, against the average 
distance from the meniscus of the corresponding sample (2). The sedi- 
mentation diagrams were translated into increment curves (igs. | and 2) 
by plotting the increments in .t¢ (A.1,) per successive mm. intervals of 
radial distance against the average distances of the intervals from the 
meniscus (2). Those portions of the curves derived trom samples taken 
at distances greater than 2.5 em. from the meniscus, and therefore within 
the regions of the “pile up” of sedimented enzyme at the bottom of the 
centrifuge tubes, have not been illustrated. 
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The distances (Ar) from the meniscus to the peaks of the increment 
curves were measured directly when the components were clearly resolved. 
When such was not the case (e.g., the 6 and y components of urease in 
Experiment 1, Fig. 2), estimates of Az were obtained by graphical inter- 
polation. Sedimentation constants (s20,,) were calculated from values of 
Az by means of standard equations (2, 11). The density and viscosity 
of each solution were determined directly. The partial specific volume at 
20° of urease was assumed to be 0.73 (5); that of alcohol dehydrogenase, 
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Fic. 1. Sedimentation diagram and increment curve obtained in a sampling ex- 
periment with a crude solution of yeast alcohol dehydrogenase (for details, see Ex- 
periment A, Table I). The sedimentation diagram, showing the points determined 
experimentally, was plotted against the left-hand ordinate and the increment curve 
(no points) against the right-hand ordinate. 


0.769 (4). Rough estimates of the relative amounts of various components 
were made from the increment curves by planimetry. 


Results 


Typical sedimentation diagrams and increment curves obtained with 
crude solutions of alcohol dehydrogenase and urease are shown in Figs. 1 
and 2, and the results of all sampling experiments with the enzymes are 
presented in Tables I and II, together with the conditions of time, speed, 
and temperature under which the experiments were carried out. Since 
there was an appreciable experimental error in the enzyme assays, the 
sedimentation constants calculated from the increment curves were con- 
sidered to be accurate to only 2 significant figures and are so presented in 
Tables I and II. 
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Alcohol Dehydrogenase—The sedimentation diagram of Experiment A 
(Table I), illustrated in Fig. 1, exhibits a sharp boundary followed by a 
broad plateau region. The corresponding increment curve (Fig. 1) con- 
sists of a single, well defined peak which is rendered somewhat asymmetric 
by an elevation of the leading limb. A corresponding asymmetry charac- 
terized the increment curve of Experiment B, but was absent from that of 
Experiment C, which was carried out with a more purified enzyme prepara- 
tion. 

It will be noted that the activity represented by the height of the pla- 
teau region in Fig. 1 was approximately 1.7 times that of the original 


TABLE 
Determination of Sedimentation Constant of Yeast Alcohol Dehydrogenase 
in Crude Solutions 
Centrifugation was carried out in the Spinco SW-39 rotor at 39,500 r.p.m. for 9360 
seconds. The solvent was 0.145 m NaCl-0.05 mM potassium phosphate, pH 7.0, con- 
taining a sucrose concentration gradient ranging from 2 per cent sucrose at the 
top of the fluid column to 3 per cent at the bottom. 


Approximate 
Experiment Total nit ee Ax* | w X 10% 
xperimen otal nitrogen J. temperature x | Soo, 
meg. per per cent *C. | cm. | 
At 0.317 0.002 25.20 0.72 7.6 
BT 0.311 0.008 24.45 0.72 7.8 
Ct 0.144 0.009 om. 0.68 7.4 


* Radial distance from the meniscus to the peak of the increment curve (see the 
text). 

t Heated extracts (see the text). 

t Acetone fraction (see the text). 


solution. The Ay values of the plateaus in Experiments B and C were 
1.18 and 1.03, respectively. Such abnormally high plateaus (cf.(2)) sug- 
gest that either an inhibitor of aleohol dehydrogenase activity or an inter- 
fering side reaction was present in the original solution and was separated 
from the enzyme during the course of centrifugation. Since it was there- 
fore apparent that the activities of the original solutions did not provide a 
true measure of the amount of enzyme present, the enzyme concentrations 
shown in Table I were based upon the activities of the plateau regions of 
the respective sedimentation diagrams.’ 


2 In making these calculations, it was necessary to correct the activities of the 
plateau regions to zero time of centrifugation. Previous experience (2) has indi- 
cated that, under the conditions of the present experiments, the concentration in the 
plateau region would be approximately 90 per cent of the concentration at zero time 
in the case of a protein having the same sedimentation constant as alcohol dehydro- 
genase. 
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(rease- Four sampling experiments were carried out with crude solu- 
tions of urease. As demonstrated by the sedimentation diagramis of Fig. 
2, very broad and irregular boundaries, without evidence of plateau regions, 
were obtained, The increment curve derived from the boundary of Ex- 
periment | (lig. 2) reveals the presence of four enzymatically active com- 
ponents: a main component, designated a, and three faster sedimenting 
components, 8, y, and 6. The 8 and y components have not been clearly 
resolved, Essentially identical results were obtained in) Experiment 2 
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hic. 2. Sedimentation diagrams and increment curves obtained in two scmpling 
experiments with crude solutions of jack bean urease. The sedimentation cingrames, 
showing the points determined experimentally, were plotted egainst the left -hond 
ordinate and the increment curves (no points) against the right hand ordinate. 
Solid lines, curves derived from the data of Experiment 1, Table IL. Broken lines, 
curves derived from the data of experiment 3, Table IL. The various enzymatic: lly 
aetive components which are indicated by the increment curves have been labeled 
w, B. y. and 6 (see the text). 

(Table II), although in this case the 6-peak was reduced in size, perhaps 
as a result of the longer period of centrifugation emploved in clarification 
of the jack bean extract. 

Further resolution of the boundary of the 3 component was effected at 
the higher speed of centrifugation employed in Experiments 3 and 4 (Table 
The inerement curve of Experiment 3° (ig. 2) demonstrates two 
fairly discrete peaks with sedimentation constants (Pable TL) correspond- 
Ing to those of the and components of Experiments 2.) Inere- 
ments of 1, in the region 2.2 to 2.5 em. from the meniscus probably repre- 
sent all that may be distinguished of the boundary of the y component, 
for which a Ar of approximately 2.3 em. may be calculated on the basis of 


rr 


e 
e 
p 
‘I 
a 


E. L. KUFF, G. H. HOGEBOOM, AND M. J. STRIEBICH 445 


Sow = 36 X 10-8 (Table II). The 6 component has been completely 
sedimented. Similar results were obtained in Experiment 4. 


TaBLeE II 


Determination of Sedimentation Constants of Various Components of 
Jack Bean Urease tn Crude Extracts 
Centrifugation was carried out in the Spinco SW-39 rotor as follows: Experiments 
1 and 2 at 29,500 r.p.m. for 7950 and 7470 seconds, respectively; Experiments 3 and 4 
at 39,460 r.p.m. for 6060 seconds. The solvent was 0.145 Mm NaCl-0.05 m potassium 
phosphate, pH 6.5, containing « sucrose concentration gradient ranging from 2 per 
cent sucrose at the top of the fluid column to 3 per cent at the bottom. All extracts 
had total nitrogen contents of approximately 2 mg. per ml. 


| | Component 
Experi- | mate Average 
ment enzyme tempera- | B Y 
tration | | | | 
| | Ax* | watt Ax* Ax* | S20,0 1038 | Ax* | X 1038 
percent; °C. cm. | cm. | cm |. ! 
| 0.004 | 21.53 0.68 17 |1.07; 26 | 35 | 2.05 47 
20.004 | 23.90 0.66 (1.07; 26 1.55 | 37 | 2.00 | 46 
38 -0..006 | 24.03 1.08 19 1.68 28 | Sedimentation essentially complete 
0.005 24.35 1.06 1S 1.65 27 


* See Table I. 

t Homogenate clarified at 125,000 * g for 45 minutes. 
t Homogenate clarified at 125,000 K g for 60 minutes. 
$ Homogenate clarified at 20,000 * g for 30 minutes. 


DISCUSSION 


A major proportion of the aleohol dehydrogenase activity of crude yeast 
extracts was associated with a single component having a sedimentation 
constant (S20,~) of 7.6 K 10~% (average of three experiments). The asym- 
metry of the increment curves of Experiments A and B, which appears to 
be somewhat greater than might be expected on the basis of experimental 
error alone, suggests the possible presence of a second component, with 
Soo,» In the range of 9 to 10 X 10~- and representing perhaps 10 to 20 per 
cent of the total activity. Further evidence for the existence of this 
material was provided by the results of a sampling experiment (not re- 
ported in Table I) carried out with a heated extract that had lost 90 per 
cent of its original activity after standing at 5° for more than a week. 
The increment curve in this case exhibited a single broad peak centered 
about a point corresponding to an s2,. of 9.6 XK 107%. The boundary 
formed during sedimentation of the preparation obtained by acetone frac- 
tionation (Experiment C) was symmetrical, a finding consistent with the 
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fact that no fast component was observed when a 1 per cent solution of 
the crystalline enzyme was studied in the optical ultracentrifuge (2). 

Previously reported values of s2,. for crystalline yeast alcohol dehy- 
drogenase, as determined in the optical centrifuge, are 7.20 & 10-'8 ((2), 
1 per cent solution), 7.61 & 10~' ((3), concentration not stated), and 
6.72 X 1078 ((4), extrapolation to infinite dilution, centrifugation at 0°). 
The difference between the first of these values and that obtained in the 
present experiments (with the same centrifuge) at enzyme concentrations 
between 0.002 and 0.009 per cent is probably a reflection of an increase 
in sedimentation rate with dilution. It is difficult to reconcile the present 
result with the somewhat lower value of Hayes and Velick (4). How- 
ever, the viscosity and density corrections which are involved in the eal- 
culation of seo,, Values from data obtained at 0° (see above) amount to 
80 to 90 per cent. of the observed sedimentation rates and may have magni- 
fied the variation to be expected between results obtained in different 
laboratories. An 82,~ 0f 7.6 X 107% was obtained by the tube-sectioning 
technique for the crystalline enzyme at a concentration of 0.0005 per 
cent (2). 

The sedimentation behavior of crystalline jack bean urease in the optical 
centrifuge (oil-driven) has been described by Sumner et al. (5). Six prep- 
arations, four of them twice recrystallized, were studied at protein con- 
centrations between 0.14 and 1.12 per cent. In addition to the main 
component (s2,~ ranging between 18.6 and 19.9 & 10-), a second com- 
ponent with values of s2.,, between 26.1 and 27.7 & 10- was observed 
in all preparations, and a third with sv», values of 33.1 and 36.0 & 107% 
was present in two of the recrystallized samples. Although Sumner eé al. 
considered that urease was identical with the main component, the simi- 
larity between the above sedimentation constants and those of the a, 8, 
and y components of the present experiments (Table IT) strongly suggests 
that all three of the constituents of the recrystallized preparations (5) 
represented enzymatically active material. In this respect, it is of interest 
to note that the two purest preparations obtained by Sumner et al. (5) 
exhibited essentially the same specific enzyme activity (129 and 130 units 
per mg. of nitrogen) and yet contained considerably different amounts (15 
and 25 per cent, respectively) of the component with an seo., value of 
26 X 107%. A sedimentation boundary corresponding to the 6 component 
was apparently not observed by these authors (5). 

Approximately 50 per cent of the total activities of the extracts studied 
in Experiments 1 and 2 (Table I1) was associated with the a component. 
Little can be said at present concerning the three other active constituents. 
It remains to be determined whether they represent polymeric forms of the 
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smaller a component molecules, and, if so, whether their relative propor- 
tions are conditioned by the medium in which the enzyme is studied or 
are characteristic of the particular sample of jack bean meal. Variation 
in the ratios of the different active forms of urease from one lot of beans 
to another might account for some of the difficulties encountered in the 
past in attempts to crystallize this enzyme (12, 13). 

The failure to separate more completely the peaks of the various urease 
components indicates that improvement in the resolving power of the 
present technique is to be desired. This may be accomplished to some 
extent by projected modifications of the sampling procedure (2). Mean- 
while, the methods as employed have been shown to provide reasonably 
accurate sedimentation constants of enzymes in crude states and to permit 
the demonstration of enzymatically active components which might other- 
wise be selectively eliminated during processes of purification. 


SUMMARY 


The sedimentation behavior of yeast alcohol dehydrogenase and jack 
bean urease has been studied by a method involving specific enzymatic 
analysis of samples obtained after centrifugation in a preparative rotor of 
the swinging bucket type. The preparations consisted of crude extracts 
in each of which the enzyme itself accounted for only a small proportion 
of the total protein. 

The bulk of the alcohol dehydrogenase activity of yeast extracts was 
associated with a single component sedimenting at the same rate as the 
crystalline enzyme. The presence of a small amount of a more rapidly 
moving active component was also indicated. 

Only one-half of the urease activity of jack bean extracts sedimented at 
the rate ascribed to crystalline urease. The remaining activity was asso- 
ciated with three faster sedimenting, discrete components. 

The results demonstrate that the present methods are capable of pro- 
viding accurate information concerning the sedimentation characteristics 
of enzymes in relatively crude states and at low concentrations. 
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THE CHARACTERIZATION OF FOUR NEW METABOLITES OF 


ADRENOCORTICAL HORMONES* 


By DAVID Kk. FUKUSHIMA, NORMA 8. LEEDS, H. LEON BRADLOW, 
THEODORE H. KRITCHEVSRKY,f MADELEINE B. STOKEM, 
AND T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, July 16, 1954) 


This report describes the isolation and characterization by partial 
synthesis of four metabolites of the adrenal hormones. These products 
(Fig. 1) are pregnane-3a,116,17a,20a,21-pentol (1), for which we propose 
the trivial name “ecortol;’? 3a,17a,20e,21-tetrahydroxypregnane-11-one 
(II), proposed trivial name ‘“cortolone;’’? pregnane-3a,118,17a,208 ,21- 
pentol (III), proposed trivial name “-cortol;” 3a,17a,208 ,21-tetrahy- 


droxypregnane-Il-one (IV), proposed trivial name ‘“8-cortolone.’”! 


All four compounds have been isolated from human urine after the 


administration of corticotropin (ACTH) for therapeutic purposes. 


the method of isotopic dilution they have been found and measured in 
human urine after a tracer dose of hydrocortisone-4-C™. Cortolone was 
likewise found in the urine after administration of 100 mg. of cortisone- 
toa human subject. There is little doubt that these four metabolites are 
normal constituents of human urine, and studies of this aspect will be 


reported in the near future. 


By analogy with other 20-hydroxy steroids isolated from human urine, 
it was anticipated that the 20a epimer would be the predominant metabo- 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Anna Fuller Fund, the Lillia Rabbitt Hvde Foundation, the 
National Cancer Institute of the National Institutes of Health of the United States 
Public Health Service (grants C-322 and C-440), and the Damon Runvon Memorial 


Fund for Cancer Research. 


t Present address, Ninol Laboratories, 1719 South Clinton Street, Chicago, Ili- 


nois. 


! These names are suggested in order to avoid perpetuation of the ‘‘tetrahydro EF” 
type of nomenclature. It is emphasized that there is no intention to construct a 
svstem based upon these trivial designations. For this reason the indefinite ‘‘p- 
cortol”’ is reeommended rather than the more specific ‘208-cortol,’”’ since the precise 
usuge might lead to further extension, ¢.g., ‘°38,208-cortol,’’ ete. It is strongly 
urged that the use of these names be limited to the compounds described and that 
other epimers, which will undoubtedly be discovered, receive appropriate new trivial 


hames. 


* Radioactive cortisone, with 95 per cent of the tritium label in known, stable 


positions in the molecule (cf. Fukushima et al. (1)). 


449 


k, 
| 
) 
| 


450 METABOLITES OF ADRENOCORTICAL HORMONES 


lite. Accordingly, efforts were directed primarily toward an efficient, 
readily applicable synthesis for cortolone (II), since this was the least 
accessible compound by known methods. II was first obtained by Sarett 
(2) in 10 per cent yield, together with 65 per cent of the 208 epimer from 
the catalytic reduction of 3a@,17a@,21-trihydroxypregnane-11 ,20-dione. 
Soloway, Considine, Fukushima, and Gallagher (3) have reported the 
synthesis of II from but the 
relative unavailability of the starting material limited the use of this 
procedure. The method that has been devised starts from the readily 
accessible 3a (2) which 
was converted to the 20-tosylate, followed by acetylation of the 17a- 
hydroxyl group. When the triacetoxy tosylate (VI) was heated with 
potassium acetate in aqueous acetic acid, acetyl migration with inversion 
occurred and cortolone triacetate (VIT) was obtained in high yield. 


EXPERIMENTAL? 


Sources of Urine and Methods of Fractionation. (a) ACTH—A 26 day 
urine collection was obtained from a female patient with Hodgkin’s disease 
while she received 100 mg. of ACTH intramuscularly daily. The urine 
was acidified to pH 1 and extracted continuously with ether for 48 hours. 
The neutral fraction was separated into ketonic and non-ketonic fractions, 
as previously described (4). The non-ketonic fraction was partitioned 
between water and benzene by the procedure of Mason (5). The water- 
soluble extract was acetylated with acetic anhydride and pyridine at room 
temperature and was further fractionated by partition chromatography (6). 

(b) Hydrocortisone--Hydrocortisone-4-C™ (about 0.25 mg.; 0.855 we.) 
was administered intravenously during 30 minutes. For this study 61 
per cent of the urine (or a total of 117,000 ¢.p.m.) from Subject F1 (7) 
obtained during the 2nd hour following the initiation of the infusion was 
treated with 300 Fishman units per ml. of beef liver 8-glucuronidase for 
5 days at pH 5. The urine was then extracted continuously with ether 
for 48 hours, and the neutral ether-soluble fraction was obtained. This 
crude neutral fraction contained 84,000 ¢.p.m., equivalent to 72 per cent 
hydrolysis of the total conjugates present in the urine. Carrier cortolone 
triacetate (VIT, 35.8 mg.) and cortol triacetate (1, 3,20,21-triacetate, 
29.4 mg.) were added, and the mixture was acetylated with 10 ml. of acetic 
anhydride and 5 ml. of pyridine at room temperature overnight. The 


3’The phrase ‘‘in the usual manner”’ indicates that the product was extracted with 
ether, washed with either acid or base, or both, as appropriate, and then with dilute 
brine. After drying over sodium sulfate, the solvent was distilled. Unless other- 
wise noted, rotations were measured in chloroform. The melting points are cor- 
rected. 
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acetylated extract was separated on a partition type chromatogram with 
40 per cent ethanol on silica gel as the stationary phase and 1 per cent 
ethanol in 1:1 methylene chloride-petroleum ether as the mobile phase. 

Radioactivity was measured in windowless gas flow counters, and the 
results were corrected to the “infinitely thin’? range. 


H-C—OH H—C-OH 

HO --OH O --OH 
HO H HO H 
I Il 

CORTOL CORTOLONE 
HO-C-H HO-C—H 
HO -OH O --OH 
Il Iv 
CORTOL CORTOLONE 
Kia. 1 


Cortolone Triacetate (VII). (a) After ACTH Administration—Several 
crystalline fractions, eluted from the chromatogram immediately before 
cortol triacetate, were cortolone triacetate as judged by infra-red spec- 
trometry. These were combined (9 mg.) and recrystallized twice from 
methanol to yield 4 mg., m.p. 214.5-216°. The product was indistin- 
guishable from an authentic sample by infra-red spectrometry and mixture 
melting point. 

(b) Isolation by Isotopic Dilution after Hydrocortisone-4-C' Administra- 
tion-—-After chromatography, the fractions that contained cortolone 
triacetate as judged by infra-red spectrometry were combined and _ re- 
chromatographed on a similar column. The purified cortolone triacetate 
Was triturated with cyclohexane and vielded 23.8 mg.; 130 ¢.p.m. per mg. 
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The product was recrystallized first from benzene, then from methanol, 
and again twice from benzene to yield a substance, m.p. 215.5-216.5°; 
153 e.p.m. per mg. Two further recrystallizations from methanol and 
from benzene gave products with 161 and 158 ¢.p.m. per mg. respectively. 
The products of the last three crystallizations were assumed to have 
constant specific activity; from the average of 157 ¢.p.m. per mg. and the 
weight of carrier added (35.8 mg.) a minimum of 6.7 per cent of the total 
radioactivity in the crude neutral fraction was present as cortolone. 

(c) Isolation from Urine after Cortisone-t Administration—The urine 
from a single day after the intravenous administration of 100 mg. of cor- 
tisone-t to a female patient was processed as described for the hydrocorti- 
sone-4-C' studies. Chromatography of the acetylated crude neutral 
fraction without the addition of carrier steroid resulted in the isolation of 
cortolone triacetate, identified by melting point and by infra-red spec- 
trometry. From the total radioactivity in the crude neutral extract 
(1.08 & 10° ¢.p.m., 61.5 per cent of the dose administered) and the radio- 
activity (6.0 & 10% ¢.p.m.) in the fractions of the chromatogram that 
contained cortolone triacetate as judged by infra-red spectrometry, it was 
estimated that 5.6 per cent was present as cortolone. 

Cortol Triacetate (1, 3,20,21-Triacetate). (a) After ACTH Administra- 
tion---Several fractions eluted from the partition type chromatogram 
after cortolone triacetate and before B-cortolone triacetate were essentially 
pure cortol triacetate as judged by infra-red spectrometry. These were 
combined as 7 mg. of semicrystalline product. Two recrystallizations from 
benzene-cyclohexane yielded 4 mg. of cortol triacetate, m.p. 168—170°, 
indistinguishable from an authentic sample by infra-red spectrometry and 
mixture melting point. | 

(b) Isolation by Isotopic Dilution after Hydrocortisone-4-C' Administra- 
tion-—-The fractions containing cortol triacetate as judged by infra-red 
spectrometry were combined and triturated with cyclohexane. The 
insoluble crystalline material weighed 14.7 mg.; 475 ¢.p.m. per mg. The 
oily mother liquor was crystallized from benzene-cyclohexane, and the 
two crystalline crops were combined. Two recrystallizations from ben- 
zene-cyclohexane gave cortol triacetate, with a specific activity of 495 
¢.p.m. per mg. ‘Two subsequent recrystallizations from the same solvent 
vielded cortol triacetate, m.p. 168-170°; 542 and 548 ¢.p.m. per mg., 
respectively, for each recrystallization. The products of the last two 
crystallizations were assumed to have constant specific activity; from the 
average of 545 ¢.p.m. per mg. and the weight of carrier added (29.4 mg.) 
a2 minimum of 19 per cent of the total radioactivity in the crude neutral 
fraction was present as cortol. 

B-Cortol (IIT). (a) After ACTH Administration—Several amorphous 
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fractions from the chromatogram were 6-cortol triacetate as judged from 
infra-red spectrometry. These were combined (9 mg.) and hydrolyzed 
with methanolic potassium hydroxide under reflux. The product, obtained 
in the usual manner, was recrystallized from methanol-ethyl acetate to 
yield B-cortol, m.p. 254-261°, indistinguishable from the authentic com- 
pound by infra-red spectrometry (potassium bromide disc) and mixture 
melting point. 

(b) Isolation by Isotopic Dilution after Hydrocortisone-4-C™% Administra- 
tion——The crude neutral extract (71,000 c.p.m.) from the urine collected 
during the 3rd hour after infusion of the tracer dose in Subject F1 (7) was 
obtained as described above. 39.4 mg. of carrier 8-cortol were added, and 
the mixture was dissolved in methanol. After removal of the solvent, 
the residue was extracted several times with small portions of acetone. 
The almost colorless crystalline residue was recrystallized twice from 
methanol to yield 21 mg. of B-cortol, m.p. 259-264°; 224 ¢.p.m. per mg. 
The product was recrystallized from ethyl acetate-methanol; 101 ¢.p.m. 
per mg. A fourth recrystallization gave a product, m.p. 261—266°; 94 
c.p.m. permg. The products of the last two crystallizations were assumed 
to have constant specific activity; from the average of 98 ¢.p.m. per mg. 
and the weight of carrier added (39.4 mg.) 5.4 per cent of the radioactivity 
in the crude neutral fraction was present as 6-cortol. 

B-Cortolone Triacetate (IV, 3,20,21-Triacetate). (a) After ACTH 
Administration—The crystalline material (25 mg.) eluted from the chro- 
matogram after cortol triacetate and before 8-cortol triacetate was 
cortolone triacetate as judged by infra-red spectrometry. After recrystal- 
lization from methanol 12 mg. of 8-cortolone triacetate were obtained, m.p. 
203-204°, indistinguishable from an authentic sample by infra-red spec- 
trometry and mixture melting point. : 

(b) Isolation by Isotopic Dilution after Hydrocortisone-4-C™ Administra- 
tion—-All the mother liquors from the isotopic dilution of 8-cortol were 
combined (69,000 ¢.p.m.; calculated 68,500 ¢.p.m.). 26.27 mg. of £- 
cortolone were added, and the mixture was acetylated. Partition chro- 
matography yielded 29 mg. (4000 ¢.p.m.) of 8-cortolone triacetate as 
judged by infra-red spectrometry. Recrystallization from benzene gave 
20 mg., m.p. 203.5-204°; 43 ¢.p.m. per mg. Recrystallization from meth- 
anol and from benzene afforded products with 44 and 39 ¢.p.m. per mg. 
respectively. The product from the last three recrystallizations was 
assumed to have constant specifie activity; from the average of 42 ¢.p.m. 
per mg. and the weight of the carrier added, corrected to the triacetate 
(35.3 mg.), a minimum of 2.1 per cent of the total radioactivity in the 
crude neutral fraction was present as 6-cortolone. 


454 METABOLITES OF ADRENOCORTICAL HORMONES 


3a ,21-Diacetoxy-17a-hydrox 1-one—A 
solution of 2.31 gm. of 3a,21-diacetoxy-17a ,208-dihydroxypregnane-11- 
one (V) and 1.94 gm. of p-toluenesulfonyl chloride in 5 ml. of pyridine was 
stored at 0° for 3 days, and 2.95 gm. of crude tosylate were obtained in the 
usual manner. Recrystallization from methanol yielded pure 3a,21- 
diacetoxy-17a-hydroxy-208-p-toluenesulfonoxypregnane-11-one, m.p. 148° 
(decomposition), [a]?’ +60.6°. 


CyoHyOoS. Calculated, C 63.55, H 7.33; found, C 63.24, H 7.36 


 (VI)-—A 
solution of 223 mg. of 3a,21-diacetoxy-17a-hydroxy-208-p-toluenesul- 
fonoxypregnane-11l-one, 40 mg. of p-toluenesulfonic acid, 4 ml. of acetic 
acid, and 2 ml. of acetic anhydride was stored for 3 days at room tempera- 
ture (8). The reaction mixture was diluted with ether and the product 
was obtained in the usual manner. Recrystallization from benzene- 
cyclohexane gave 102 mg. of 3a,17a,21-triacetoxv-208-p-toluenesulfonoxy- 
pregnane-ll-one (VI), m.p. 156-159° (decomposition). The analytical 
sample melted at 159-159.5° (decomposition), [a]?? +50.0°. 


Css ycOr0S. Calculated, C 63.13, H 7.17; found, C 63.01, H 7.29 


Solvolysis of 38a 1-one 
(VI). (a) With Potassium Acetate in Aqueous Acetic Acid to Yield Corto- 
lone Triacetate (VIT)—-1 gm. of potassium acetate dissolved in 0.5 ml. of 
acetic anhydride and 10 ml. of 96 per cent aqueous acetic acid were heated 
under reflux, and 70 mg. of VI were added. The mixture was refluxed 
for 3 hours and stored overnight at room temperature. The reaction 
mixture was poured into ice and water, and the product (58 mg.) was 
isolated in the usual manner. Recrystallization from methanol yielded 
30 mg. of cortolone triacetate (VII), m.p. 214-216°, [a]?8 +28°, indistin- 
guishable from an authentic sample by either infra-red spectrum or mix- 
ture melting point. Partition chromatography (6) of the mother liquors 
gave an additional 11 mg. of triacetate VII, m.p. 202—212°. 

(b) With Base-—A small sample of 3a,17a,21-triacetoxy-208-p-toluene- 
sulfonoxypregnane-l1l-one (VI) was dissolved in 5 per cent potassium 
hydroxide in methanol and stored overnight at room temperature. The 
crude product, obtained in the usual manner, was acetylated with pyridine 
and acetic anhydride at room temperature. From the infra-red spectrum, 
the reaction product was principally 3a,21-diacetoxy-17a ,20a-epoxy- 
pregnane-1l-one (VITI). 

Solvolysis of 
nane-11-one. (a) With Anhydrous Potassium Acetate in Acetic Acid--When 
123 mg. of 3a ,21-diacetoxy-17a ,hydroxy-208-p-toluenesulfonoxy pregnane- 
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1l-one were refluxed for 2 hours with 127 mg. of freshly fused potassium 
acetate in 10 ml. of glacial acetic acid, the product (98 mg.) was predom- 
inantly 3a,208 (IV, 3,20,21- 
triacetate), as judged from the infra-red spectrum. 

(b) With Base—A solution of 1.00 gm. of 3a,21-diacetoxy-17a-hydroxy- 
208-p-toluenesulfonoxypregnane-l1l-one in 100 ml. of 0.5 N methanolic 
sodium hydroxide was stored overnight at room temperature. The 
product, isolated in the usual manner, was acetylated at room temperature 
with acetic anhydride and pyridine to yield 645 mg. of product. Recrys- 
tallization from methanol gave 360 mg. of 3a,21-diacetoxy-17a ,20a- 
epoxypregnane-Il-one (VIII), m.p. 172-172.5° +120°. The infra- 
red spectrum was different from that of the corresponding 17a ,208-epoxide 
described by Soloway et al. (3), and the melting point was depressed on 
admixture of the two compounds. 


CosHgeQe. Calculated, C 69.44, H 8.33; found, C 69.54, H 8.39 


Pregnane-3a ,118 ,17a,20a,21-pentol (Cortol) (1)—A solution of 2.08 gm. 
of cortolone triacetate (VIT) in 80 ml. of anhydrous benzene and 80 ml. of 
anhydrous ether was added slowly to a suspension of 2 gm. of lithium 
aluminum hydride in 700 ml. of anhydrous ether. The mixture was 
refluxed for 4 hours, and the excess reagent was destroyed with ethyl 
acetate and dilute sulfuric acid. The reduction product was extracted 
with large volumes of ethyl acetate and isolated in the usual manner. 
Reerystallization gave 669 mg. of cortol (1), m.p. 247—253°. The analyti- 
cal sample melted at 250.5-254°; [a]? +23.7° (ethanol). 


Co,HgeO5. Calculated, C 68.44, H 9.85; found, C 68.58, H 9.79 


Cortol 3,20,21-triacetate was prepared with acetic anhydride and pyri- 
dine at room temperature, followed by recrystallization from benzene- 
cyclohexane; m.p. 168-170°, 0°. 


Coz7H Os. Calculated, C 65.59, H 8.50; found, C 65.48, H 8.36 


Pregnane-3a ,118 ,17a,208 ,21-pentol (B-Cortol) (ITI)—A solution of 450 
mg. of B-cortolone triacetate (IV, 3,20,21-triacetate) in 50 ml. of anhy- 
drous benzene and 50 ml. of anhydrous ether was slowly added to a suspen- 
sion of 1 gm. of lithium aluminum hydride in 250 ml. of anhydrous ether. 
The mixture was refluxed for 2 hours, and 362 mg. of crystalline product, 
m.p. 239-243°, were obtained in the usual manner. Reerystallization 
from methanol vielded 176 mg. of 8-cortol (IIT), m.p. 262—264.5°, [a]? 
+33.3° (ethanol); reported (9) m.p. 266-269°. The mother liquors were 
acetylated in the usual manner and chromatographed on a _ partition 
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column with ethanol and petroleum ether-methylene chloride. 120 mg. 
of amorphous #-cortol triacetate were eluted. 

8-Cortol 3,20,21-triacetate was prepared from pure $-cortol with acetic 
anhydride and pyridine at room temperature, but has not as yet been 
obtained in crystalline state. 

Reference samples of cortolone and 8-cortolone were prepared by the 
method of Sarett (2). The constants of these products were as follows: 
cortolone (II), m.p. 208-209°, +34.2° (ethanol); reported m.p. 
208-209°, [a]?? +44° (alcohol); cortolone 3,20,21-triacetate (VII), m-.p. 
214-216°, +28°; reported m.p. 213-214°,[a], +18° (acetone); 
cortolone (IV), m.p. 260-261.5°, [a]?’ +40° (ethanol); reported m.p. | 
263-264°, +37° (alcohol); 8-cortolone 3,21-diacetate (V), m.p. 
207-208°, +61°; +63° (acetone); reported m.p. 201-203°, +67° 
(acetone); B-cortolone 3,20,21-triacetate, m.p. 205-206°, [a]? +87.3°; 
+95.9° (acetone); reported m.p. 201°, [a], +103° (acetone). 


DISCUSSION 


In this investigation, a new group of metabolites of the principal adreno- 
cortical hormone, hydrocortisone, has been discovered. These substances | 
represented an appreciable fraction of a tracer dose of labeled hormone 
during the particular time interval studied and therefore almost surely 
constitute a significant portion of the excretory products normally derived | 
from hydrocortisone in man. Moreover, these same compounds were — 
found in urine after stimulation by ACTH. Quite apart from structural 
~ considerations, this is further evidence for the ultimate adrenal origin of 
these metabolites. 
The view is widely held that the major metabolites of adrenal cortical 
hormones are either reducing ketols of the “tetrahydro E” and “tetrahydro 
I” type or 17-ketosteroids of the Cy series, such as 11-ketoetiocholanolone. 
This conviction has persisted despite the fact that these substances account 
for only a small fraction of administered hormone either by direct isolation — | 
or by less rigid criteria such as “reducing steroids” or Porter-Silber chro- | 
mogens. Since the metabolites described in this investigation are not 
reducing substances and are negative in the Porter-Silber reaction, they 
would escape detection by either of these measures. In addition, unless 
particular care is exercised in the fractionation of urine or tissue extracts | 
containing these compounds, an appreciable portion may be lost as ai | 
result of water solubility before isolation or measurement. As an example | 
of this fact, both cortolone and 8-cortolone have been detected by their 
characteristic infra-red spectrum in the “phenolic”? fraction when urine 
extracts were fractionated by the routine procedure used in this labora- 
tory. This is, of course, a consequence of solubility in water, since the 
compounds themselves have no acidic properties. 
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For a variety of reasons the quantity of these metabolites measured by 
isotopic dilution is a minimal estimate of that actually present in the 
urine. First, for convenience, carrier was added as the acetate rather than 
the free alcohol present in the extract. Second, the carrier steroids were 
added to the neutral ether-soluble extract rather than to the original 
solvent used for extraction of the urine. ‘Third, incomplete hydrolysis by 
beef liver 8-glucuronidase may likewise have lowered the vield from that 


H.C-OAc H5C—OAc 
2] 2} 
HO-C-H TsO-C-H 
--OH O --OAc 
|. Tosyl Chloride _ 
2.(CHCO),0,H™ 
AcO H AcO H 
VI 
KOAc |. NaOH 
H50 2. (CH,CO).0 
HOAc 
H-C-OAc H-CNy 
--OH 
AcO” H H 
Vi wil 
Fig. 2 


theoretically attainable. While the amount of urinary radioactivity 
obtained in the neutral ether-soluble fraction was greater than 70 per cent 
of the total, it is probable that additional quantities of these metabolites 
were still conjugated and thus remained either in the extracted urine or in 
the alkaline extracts. While all of these factors save the hydrolysis are 
relatively minor, the cumulative effect may be significant and should be 
recognized for more definitive studies. Similar reservations must be made 
for the isolation experiments from urine after ACTH administration. 
Portions of the extracts were used in ancillary studies and the goal with 
the new compounds was homogeneity rather than yield. The amount of 
metabolites isolated therefore was but a fraction of the total material 
present in the original extract. 
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The reactions involved in the synthesis of cortolone from the readily 
available B-cortolone are an interesting example of the neighboring group 
effects studied by Winstein and his colleagues (10). These authors found 
that trans-2-acetoxycyclohexyl-p-toluenesulfonate was converted to 
cyclohexane-! ,2-diol diacetate by solvolysis with potassium acetate in 
acetic acid containing a small amount of water. When 3a,17a,21-tri- 
(VI) was heated with 
potassium acetate in aqueous acetic acid, acetyl migration with inversion 
occurred and the product obtained in high yield was cortolone triacetate 


TsO—C—H 
— CH, -Ts0” 3 
w 
+H,0 
H—-C— H—C— 
3 
wr 


Fia. 3 


(VII) (see Fig. 2). The importance of the neighboring group effect is 
emphasized by the finding that when 3a,21-diacetoxy-17a-hydroxy-208-p- 
toluenesulfonoxypregnane-|1l-one was treated with anhydrous potassium 
acetate in glacial acetic acid the product obtained was 8-cortolone triace- 
tate. The intermediate formation of the 17a@,20a-epoxide (VIII) in this 
reaction is strongly suggested by the isolation of this product when 3a,21- 
was hy- 
drolyzed with aqueous alkali. Similarly, alkaline hydrolysis of the tri- 
acetoxy tosylate (VI), followed by acetylation, yielded the epoxide, VIII. 
In view of the studies of Winstein and coworkers and the results reported 
in this investigation, the plausible mechanism illustrated in Fig. 3 can be 
advanced for the acetyl migration, with inversion of configuration. 
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In view of the high yield and general ease of operation, the procedure 
affords a facile synthesis for cortolone, an otherwise relatively inaccessible 
metabolite. Reduction by means of lithium aluminum hydride formed 
cortol, quantitatively the most important metabolite of the group studied. 
These simple and efficient syntheses should make the biochemical investi- 
gation of these substances an attractive field for further exploration. 


SUMMARY 


1. Four new metabolites of adrenal hormones have been isolated from 
human urine after ACTH administration and identified by isotopic dilution 
after a tracer dose of hydrocortisone-4-C"™. The compounds obtained 
were (1) pregnane-3a@,118,17a,20a,21-pentol; (2) 3a,17a,20a,21-tetra- 
hydroxypregnane-Il-one; (3) pregnane-3a,118,17a,208,21-pentol; (4) 
3a, 17a,208 Trivial names were sug- 
gested for these products. 

2. On the basis of the isotopic dilution studies it was estimated that 
these compounds represent a minimum of 30 per cent of the metabolites 
of hydrocortisone found in the neutral ether-soluble extract of human 
urine after hydrolysis of their conjugates by means of beef liver @-glu- 
curonidase. 

3. was isolated from 
human urine after administration of 100 mg. of cortisone-t by vein. It 
Was estimated that the metabolite represented about 6 per cent of radio- 
activity in the neutral ether-soluble fraction after hydrolysis by means of 
beef liver 8-glucuronidase. 

4. A novel and efficient synthesis for 3a,17a,20a,21-tetrahydroxy- 
pregnane-1|l-one was described. The procedure is based upon the solvoly- 
sis of 3a,17a,21-triacetoxy-208-p-toluenesulfonoxypregnane-1ll-one with 
aqueous acetic acid in the presence of potassium acetate. The reaction 
is an example of ‘neighboring group effect”? in an acetyl migration with 
inversion of configuration. 

5. The preparation of the related compounds, 3a ,21-diacetoxy-17a-hy- 
3a,21-diacetoxy-17a, 20a- 
epoxypregnane-1l-one, and has been 
described. 


The authors express their gratitude to their colleagues Dr. Leon Hellman 
and Dr. Olaf Pearson for their cooperation in the studies with patients. 
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of the infra-red spectra. 
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THE CELLULAR p-AMINO ACIDS OF BACILLUS BREVIS* 


By CARL M. STEVENS, RICHARD P. GIGGER, anv 8. W. BOWNE, Jr. 


(From the Fulmer Chemical Laboratory, State College of Washington, 
Pullman, Washington) 


(Received for publication, July 19, 1954) 


In a previous paper (1) evidence was presented that acid hydrolysates of 
the cellular material of Bacillus brevis (ATCC 10068) contained an un- 
usually high content of amino acids of the p configuration, amounting to 
over 10 per cent of the total amino acids or 5 per cent of the dry weight of 
the cells. The p-amino acids were shown to exist in the intact cells, and 
not to result from racemization during acid hydrolysis, by feeding the cells 
to rats and measuring the p-amino acids excreted in the urine. 

Studies of the nature of antibiotic peptides produced by various strains 
of this organism (cf. (2, 3)) have demonstrated that at least two of the 
compounds are cyclic decapeptides containing one or more amino acid 
residues of the p configuration. It seemed, therefore, of interest to survey 
the entire amino acid composition of the cells of B. brevis to determine 
quantitatively the content of the various amino acids of the p configura- 
tion, and, if possible, to determine the mode of occurrence of the D-amino 
acids in the intact cells. 


Methods and Results 


Dried cells of B. brevis were prepared in the manner described in the 
previous study (1). The preparation of acid hydrolysates and analyses for 
total N, total a-amino acid N, and p-amino acid N were performed as 
previously described. 

Preliminary qualitative studies of the acid hydrolysates by two-dimen- 
sional paper chromatography indicated the presence of at least ten different 
amino acids in appreciable quantities. (Qualitative examination of the keto 
acids resulting from treatment of the hydrolysates with p-amino acid 
oxidase by chromatography of the 2 ,4-dinitrophenylhydrazones (4, 5) indi- 
cated that the principal components were oxalacetic acid and _ phenyl- 
pyruvic acid. 

Quantitative determination of the amino acid composition of the acid 
hydrolysates of cellular material was carried out by chromatography on 
starch (6, 7). A column 1.8 X 30 ecm., equilibrated with n-butanol-n- 
propanol-0.1 N hydrochloric acid (1:2:1) (8), by passing the solvent through 

* This project was supported in part from funds provided for medical and biolog- 
ical research, State of Washington Initiative Measure No. 171. 
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the column under a pressure of 7 cm. of Hg for 36 hours was used. The 
sample, prepared as described below, was then placed on the column and 
the same solvent used under a pressure of 15 cm. of Hg. After the emer- 
gence of aspartic acid, the solvent was changed to n-propanol-0.5 N hy- 
drochloric acid (2:1). 

Samples of the acid hydrolysate were prepared for chromatography as 
follows: To each of five Warburg flasks was added 1 ml. of the acid hydrol- 
ysate, 3 ml. of pyrophosphate buffer (pH 8.6), and a small crystal of thy- 
mol. <A solution of p-amino acid oxidase was prepared as usual, but 
dialyzed against several changes of ice-cold pyrophosphate buffer over a 
period of 4 hours to remove all dialyzable, ninhydrin-positive substances. 
To each flask was added 1 ml. of the dialyzed enzyme solution. Three 
flasks were then incubated at 38° for 5 hours, while the remaining two 
were immersed in a water bath at 60° for 1 minute to inactivate the en- 
zyme. The contents of these two flasks were combined, transferred to a 
dialysis cell (9), and dialyzed at room temperature for 6 hours against an 
equal volume of distilled water. The dialysate was then lyophilized and 
stored at 4° until applied to the column. The contents of two of the flasks 
which had been incubated were similarly combined, dialyzed, and lyophil- 
ized. Oxygen uptake during incubation was noted in all three flasks, and 
the third flask was analyzed for keto acids. The p-amino acid content 
estimated on the basis of keto acid production agreed with earlier deter- 
minations. 

The amino acid components of the hydrolysates were identified by their 
positions on the effluent curve by comparison with the behavior of known 
mixtures of amino acids and with published data. The unmistakable yel- 
low color which proline yields on reaction with ninhydrin, and the increase 
in size of the ammonia peak after incubation with p-amino acid oxidase, 
provided further checks. Results of such parallel runs on enzyme-treated 
and untreated hydrolysates are summarized in Table I. It will be noted 
that the increase in ammonia upon incubation with p-amino acid oxidase 
is in excellent agreement with the decrease in phenylalanine plus aspartic 
acid. 

These quantitative results are also in agreement with the previous quali- 
tative studies in demonstrating that the only p-amino acids occurring in 
appreciable amounts are p-phenylalanine and p-aspartic acid. In the 
former case 45 per cent and in the latter 40 per cent of the total content of 
the amino acid is of the p configuration. 

A notable feature of the data from starch column chromatography was 
the failure to detect appreciable amounts of any of the basic amino acids, 
arginine, histidine, and lysine. Since these amino acids are eluted most 
slowly from starch columns (11) and spreading of the peaks occurs, small 
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amounts might not be detected. Microbiological assays of the same acid 
hydrolysates indicated small but definite amounts of each of the basic 
amino acids. Consequently, a further chromatographic analysis was run 
with a cation exchange resin (Dowex 50), according to the specific proce- 
dure for the basic amino acids (12). A column 19 X 0.8 cm. was prepared 
as described by Moore and Stein (12), the resin being suspended in buffer 
(pH 3.4) and packed under 10 pounds per sq. in. pressure. 0.2 ml. of acid 
hydrolysate (equivalent to 4 mg. of B. brevis cells) in buffer (pH 5) was 


TABLE I 
Amino Acid Composition of Cells of B. brevis Determined by Chromatography of Acid 
Hydrolysates on Starch 
The results are expressed in mg. of N per 100 mg. of air-dried cells. The total 
N content of the cells was 10.9 per cent, and the a-amino acid N (10) was 7.0 per cent. 


Analysis of | 
acid hydrolysate | Calculated 
Amino acids Difference | 
Incubated 
Untreated (with p-amino| configuration 
acid oxidase | 
Leucine + isoleucine. si. | 1.26 1.26 0.00 
Valine + methionine + tyrosine. | 1.33 1.33 0.00 
Glutamic acid + alanine.............. 1.33 1.33 0.00 
1.04 1.81 0.77 


then added to the column. Successive elution with appropriate volumes 
of buffers at pH 5, 6.5, and 6.85 produced clear separations of arginine, 
histidine, and lysine, and excellent recoveries from known mixtures. The 
results of three determinations on hydrolysates of two different samples of 
B. brevis cells were in good agreement and gave the following amounts in 
millimoles of amino acid per gm. of dried cells: arginine 0.05, histidine 0.07, 
lysine 0.08. 

Microbiological assays also indicated small but detectable amounts of 
methionine and tyrosine as well as a large amount of valine in the acid 
hydrolysates. Glutamic acid was present, but the presence or absence of 
alanine was not established. Absence of appreciable amounts of cystine 
in the hydrolysates may result from destruction during acid hydrolysis. 
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With the identity of the p-amino acid components of acid hydrolysates 
clearly established, a study was undertaken of the form in which the p- 
amino acids occur in the intact cells. The dried cells were extracted with 
several solvents under varying conditions. The extracts were then ex- 
amined before and after acid hydrolysis (1) for content of p-amino acids 
by incubation with p-amino acid oxidase, and (2) for content of D-aspartic 
acid by incubation with p-aspartic acid oxidase (13). The alcoholic ex- 
tracts were evaporated to dryness, and the residues redissolved in water 
with the aid of 0.1 N sodium hydroxide, giving a final pH of 8.5. From the 
data of Table IT, it will be noted that treatment with 0.48 N sodium hy- 


TaB_e II 
Composition of Extracts of Dried Cells of B. brevis 
The results are given in mg. of N per 100 mg. of dried cells. 


Amino acid | p-Aspartic acid | 


| 
| 'N in extract N in extract 
| Total N 
Solvent and temperature extrac- | | 
| tion, hrs. | Before | After | Before | After |i" &*tract 
| acid hy- acid hy-'acid hy- acid hy- 
drolysis drolysis drolysis drolysis | 
0.00 0.00 0.00 | 0.00 0.08 
Sodium hydroxide (0.03 N), 25°. ...... 1 0.02 0.10 0.01 0.06) 0.36 
(0.03 “*), 25°.......; 12 | 0.04 | 0.30 | 0.01 | 0.15; 1.04 
«0.48 “*), 25°.......| 1 | 0.09 | 0.82 | 0.02 | 0.39 | 3.26 
(0.48 **), 25°.......) 12 | 0.12 | 1.02 | 0.03 | 0.41 | 5.32 
(0.35 4.34 


droxide at room temperature, or with 75 per cent ethanol at 95°, extracts 
the major portion of the components containing p-amino acids, and that 
neither p-aspartic acid nor p-phenylalanine is present in appreciable 
amounts in the free form, but that both are liberated by acid hydrolysis. 
The materials extractable by 0.48 x sodium hydroxide and by ethanol 
were subjected to dialysis against distilled water at room temperature, with 
shaking, for a period of 12 hours in a dialysis cell (9) fitted with a cello- 
phane membrane. The dialysates were then lyophilized, the residues sub- 
jected to hydrolysis with 6 N hydrochloric acid under a reflux for 12 hours, 
and the hydrolysates analyzed for total p-amino acids and for p-aspartic 
acid. The results are recorded in Table III. The last two samples in 
Table III were treated for 1 hour at room temperature with 0.48 N sodium 
hydroxide and 6 n hydrochloric acid, respectively, before dialysis. 
It is apparent from the data that approximately 15 per cent of the p-as- 
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partic acid and p-phenylalanine in the extracts occurs in forms dialyzable 
through cellophane. It is also of interest that, in the dialysates, p-aspartic 
acid N represents consistently about one-half of the total D-amino acid N 
and about one-fifth of the total amino acid N. 


TaBLe III 
Composition of Acid-Hydrolyzed Dialysates of Extracts of Dried Cells of B. brevis 
The results are given in mg. of N per 100 mg. of dried cells. 


| Composition of hydrolyzed dialysates 


Time of | 
Solvent for original extraction extraction, 
| hrs. p-Amino  op-Aspartic | Total amino 
| acid N  acidN acid N 
Sodium hydroxide 1 0.18 0.09 0.41 
(75%) (base-treated)......... 1 0.19 0.08 0.44 
(75%) (acid-treated)........ 0.13 0.07 0.34 


IV 
Amino Acid Composition of Dialysate from Ethanol Extract of Dried Cells of B. brevis 
The results are expressed in mg. of N per 100 mg. of dried cells. 


| Analysis | 


Calculated per 
Untreated | with | 
| acid oxidase 
| 0.133 | 0.073 0.060 45 
| 0.148 0.077 0.071 48 
0.077, | +0.076 | 0.001 
| 0.029 | 0.175 | 0.146 


The relatively high proportion of p-amino acids in the dialysates and the 
indications of rather constant composition suggested the advisability of 
quantitative amino acid analysis. Determinations were carried out on one 
dialysate by chromatography on starch exactly as in previous experiments, 
and the results are recorded in Table IV. Qualitative analysis by paper 
chromatography in different solvents confirmed the existence of the four 
amino acids in the hydrolysates. It is noteworthy that D-aspartic acid, 
L-aspartie acid, p-phenylalanine, L-phenylalanine, and L-threonine occur 
in approximately equimolar amounts in the dialysate, together with a much 
smaller amount of L-serine. 
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DISCUSSION 


The demonstration (1) that the relatively large content of p-amino acids 
in the cells of B. brevis grown under the conditions described consists of 
approximately equimolar amounts of p-phenylalanine and p-aspartic acid, 
(2) that about 15 per cent of these p-amino acids can be extracted from 
the cells in a combined but dialyzable form, and (3) that this dialysate has 
a relatively simple amino acid composition suggests that these amino acids 
may occur in a peptide of as yet undetermined structure. The probability 
of this is somewhat increased by the fact that other peptides are known 
to be produced by B. brevis under the cultural conditions employed. Fur- 
ther studies on the chemical nature of the compounds containing the p- 
amino acids, and of their relationship to the metabolism of the organism, 
would be of interest, especially in view of the evidence that several organ- 
isms require D-aspartic acid for growth (14). 


SUMMARY 


By quantitative chromatographic analyses it has been demonstrated that 
hydrolysates from dried cells of Bacillus brevis contain approximately equi- 
molar amounts of p-phenylalanine and p-aspartic acid corresponding to 
more than 10 per cent of the total a-amino acid n of the hydrolysates. 
L-Aspartic acid and L-phenylalanine also occur, together with a number of 
other amino acids of the L configuration. 

p-Aspartic acid and p-phenylalanine occur in the cells principally in 
combined form, extractable by hot ethanol or by dilute alkali at room 
temperature, and approximately 15 per cent of the extracted p-amino acid 
N is dialyzable through cellophane. An acid hydrolysate of the dialyzable 
material shows a relatively simple amino acid composition, 7.e. approxi- 
mately equimolar amounts of pD-aspartic acid, L-aspartic acid, p-phenyl- 
alanine, L-phenylalanine, and L-threonine, together with a smaller amount 
of L-serine. 
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THE UTILIZATION OF SULFATE SULFUR FOR THE 
SYNTHESIS OF TAURINE IN THE DEVELOPING 
CHICK EMBRYO* 


By L. J. MACHLIN, P. B. PEARSON, anp C. A. DENTON 


(From the Animal and Poultry Husbandry Research Branch, Agricultural 
Research Service, United States Department of Agriculture, 
Beltsville, Maryland) 


(Received for publication, June 16, 1954) 


Previous work (1-38) has shown with studies zn vitro that inorganie sul- 
fate is fixed and esterified by embryonic tissues of the chicken. However, 
no conversion of sulfate sulfur to organic compounds was demonstrated. 
In view of the more recent work showing the utilization of sulfate sulfur 
for cystine synthesis in growing chickens (4) and hens (5), this study was 
conducted to determine whether the chick embryo can utilize sulfate sulfur 
for the synthesis of organic sulfur compounds. In contrast to our earlier 
studies (4, 5), it was found that the chick embryo did not incorporate sul- 
fate sulfur into cystine, but converted most of it totaurine. A preliminary 
report of this work has been presented (6). 


EXPERIMENTAL 


Kggs weighing 56 to 60 gm. from Rhode Island red hens were incubated 
for 24 hours. A solution containing 0.24 mg. of NaeS*O, (10 ue.) was then 
injected into the whites. Three eggs were removed for analysis after 6, 
12, 18, and 21 days of incubation. ‘The embryo and the remainder of the 
egg contents were separated and the corresponding components pooled and 
hydrolyzed by refluxing in about 10 times their fresh weight of 1:1 HCl 
for 6 hours. Sulfate-S* and “organic” S* were then determined on ali- 
quots of the hydrolysates by methods previously described (5). 

Chromatography on Ion Eachange Columns—Since in a preliminary ex- 
periment we had found that the cystine (or cysteine) (isolated as the cys- 
teine mercaptide) of the embryo contained no detectable radioactivity, an 
attempt was made to identify other organic sulfur compounds by chromat- 
ographic procedures. The acid was removed from aliquots of the hydroly- 
sates by evaporation zn vacuo. Sulfate was removed by precipitation with 
barium chloride in the presence of carrier sulfate. Aliquots treated in this 
way were placed on columns (0.9 X 80 cm.) containing Dowex 50 in the 
hydrogen form. The column was then eluted with 60 ml. of distilled wa- 


* This project was supported in part by the United States Atomic Energy Com- 
mission. 
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ter, followed by hydrochloric acid as suggested by Stein and Moore (7). 
Fractions containing 2 to 6 ml. were collected and the amino nitrogen con- 
tent of each fraction was estimated by the method of Troll and Cannan 
(8). A peak of radioactivity was found in approximately the first 26 to 29 
ml. of effluent corresponding to the fraction which was found to contain 
taurine or cysteic acid in control studies. 

Paper Chromatography—tIn order to establish whether the active frac- 
tion from the Dowex 50 column contained either taurine or cysteic acid, or 
both, paper chromatography was employed. Small aliquots of the radio- 
active fractions were applied to Whatman No. 1 filter paper and descend- 
ing chromatography was used with the following solvents: phenol-water 
(71:29), n-butanol-acetic acid-water (40:10:50), and ¢éert-butanol-formic 
acid-water (70:15:15). Ninhydrin (9) was used in most cases to locate 
the compounds. In some chromatograms, radioactivity was located by 
counting portions of the paper directly, and in others by exposure of x-ray 
film. 

Isolation of Taurine—Four 1 day-old chicks hatched from eggs injected 
with 20 ue. of radioactive sulfate were each ground twice in 250 ml. of 80 
per cent alcohol. The slurries were centrifuged and the alcohol centrifu- 
gates from each chick were pooled, evaporated to dryness, taken up in 50 
ml. of water, and then extracted with diethyl ether to remove the fat. 
The water solution was chromatographed as previously described on a 
larger column (2.1 & 105 em.) after removal of all sulfate activity. The 
fractions containing taurine in appreciable amounts were pooled and evapo- 
rated to dryness. Carrier taurine (400 mg.) was added and the mixture 
dissolved in 3.5 ml. of hot water. Absolute alcohol (14 ml.) was added 
and the taurine allowed to crystallize at 1°. It was then centrifuged and 
washed with 10 ml. of absolute alcohol. The taurine was recrystallized in 
this manner until the product obtained was of a constant specific activity. 
After four recrystallizations 220 mg. of taurine were recovered. 

Distribution of S**—In order to determine whether the S*° was bound by 
protein or was present in a ‘free’ form, protein-free filtrates were prepared 
from embryos of the different age groups. Each group of embryos was 
ground in about 4 times its fresh weight of 10 per cent trichloroacetic acid 
(TCA) in a Waring blendor. The precipitate was separated by centrifuga- 
tion and resuspended and ground in 5 per cent TCA and this process was 
then repeated twice. The filtrates were pooled and made up to volume. 
An aliquot of the filtrate was then extracted with diethyl ether for 20 hours. 

The precipitate was hydrolyzed in 1:1 HCl for 6 hours. Sulfate-S** and 
“organic” S**° were determined on aliquots of the hydrolyzed precipitate, 
the ether-extracted filtrate, and the ether extract. 

Estimation of Taurine—Aliquots of the ether-extracted TCA filtrate and 
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acid hydrolysate were passed through a Dowex 50 column as previously 
described. The quantity of taurine was estimated from the amino nitro- 
gen (8) found in the 20th to 32nd ml. of efuent. Radioactivity was also 
estimated in these fractions after removal of inorganic S** and therefore the 
specific activity of the taurine could be calculated. 


Results 


The recovery of 5*® present in the egg after administration of radioactive 
sulfate is given in Table I. A conversion of a large portion of the sulfate 
sulfur to an organic form was evident in the later stages of incubation. 


TABLE I 
Recovery of in Embryonate Egg after Injection with NaaS*O,* 


Recovery of dose administered 


Incubation time Sample — waa 
| Sulfate “Organic” Total 
days per cent per cent per cent 
6 Embryo | 2.1 1.2 
Remainder 90.9 5.7 99.9 
12 kmbryo 11.7 14.9 | 
Remainder 57.8 3.4 | 87.8 
IS Embryo 20.8 | 43.3 | 
21 Chick 24.1 65.0 
Yolk sae 2.7 1.1 | 
Excreta 0.6 95.2 


* 0.24 mg., containing approximately 10 ue. of S** injected after 1 day of incuba- 
tion. 


Most of the dose was recovered in the hatched chick. In control experi- 
ments, when NaS*®O, was injected into infertile eggs which were incu- 
bated and analyzed in the same manner as the embryonate egg, all radio- 
activity was recovered as sulfate sulfur. 

A Dowex 50 chromatogram of an 18 day-old chick embryo hydrolysate 
freed of inorganic sulfate is given in Fig. 1. Essentially all of the S** placed 
on the column was recovered in the fractions corresponding to either tau- 
rine or cysteic acid. No radioactivity was detected in fractions corre- 
sponding to methionine or cystine. 

On paper chromatograms of radioactive fractions, a single radioactive, 
ninhydrin-reactive spot was observed at the Py values corresponding to 
taurine for each of the three solvent systems. The Rr was not changed 
after treatment with H.O.. Furthermore, no spot was evident after treat- 
ment with copper carbonate (10) or with platinic iodide (9). These results 
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indicate that the radioactive substance present was taurine. Isolation of 
radioactive crystalline taurine (specific activity 52,000 ¢.p.m. per mg.) con- 
firmed this indication. 


COUNTS PER ug of 
MIN. XIO-4 -7 AMINO NITROGEN 
18 


' 


--- COUNTS 
—— MICROGRAMS - 
—6 


6) 16 20 24 28 32 36 1,250 
EFFLUENT IN MILLILITERS 


Fic. 1. Dowex 50 chromatogram of an acid hydrolysate of an 18 day-old chick 
embryo freed of inorganic sulfate. The active fractions represent taurine. Eluted 
with water for first 60 ml., followed by HCl as suggested by Stein and Moore (7). 


TaBLe II 
Taurine Recovered in Chick Embryo* 
| Acid hydrolysate 
time | embryo 
| in taurine | Specific activity 
days me. mg. p C.p.m. per 
0 Trace | Trace 
6 0.14 0.23 1.1 674 
4.8 | 3.1 12.9 650 
1S | 20.7 16.8 40.8 308 
21 48.6 52.4 64.5 153 


* Aliquots of the TCA filtrates and acid hydrolysates were chromatographed on 
Dowex 50. Taurine and radioactivity were determined on the appropriate frae- 
tions. 


The recovery of taurine in the chick embryo is given in Table II. The 
data show that taurine is synthesized during embryonic development. 
The amount of S*° present in taurine in the embryo agrees closely with that 
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recovered as ‘“‘organic” $*° (Table I). The observed reduction in the spe- 
cific activity of the taurine during the course of embryonic development 
indicates that pathways not involving sulfate utilization were increasingly 
responsible for the taurine synthesized. 

The distribution of radioactivity as “‘organic”’ and sulfate-S* is given in 
Table III. Almost all of the “organic” S**° was found in the TCA filtrate 
and most of the sulfate-S** was found in the TCA precipitate. This would 
indicate that the taurine is not bound to the protein, whereas most of the 
sulfate occurs as a protein complex. Only a small portion of the S* could 
be recovered in the ether extract (Table III). 

In addition, bile collected from the gallbladders of day-old chicks yielded 
only 1 mg. of taurine per chick after hydrolysis, whereas a total of about 50 


TaB_e III 
Distribution of S** in Chick Embryo 


| 
Recovery of dose administered 


Incubation | 
time 
| TCA ppt. TCA filtrate Ether extract 
days | per cent per cent per cent 
12 “Organic”? 0.2 18.4 0.15 
Sulfate-S* 13.3 2.9 
18 | “Organic” S** | 0.8 40.2 0.01 
Sulfate-S* | 20.5 5.0 
21  “Organic’’ $% 2.0 66.8 1.8 
Sulfate-$° | 19.0 | 3.7 


mg. of taurine was present in the whole chick (Table 11). Moreover, the 
total taurine found in the embryo was about the same whether this sub- 
stance was measured in an acid hydrolysate or in a TCA filtrate. All of 
these data suggest that only a small portion of the taurine is present as 
taurocholic acid in the embryo. 


DISCUSSION 


In this study, over 65 per cent of the sulfate sulfur administered to a 24 
hour embryo was recovered as taurine in the day-old chick. This demon- 
strates that an extensive synthesis of an organic sulfur compound from sul- 
fate sulfur occurs in species other than ruminants and presumably in the 
absence of microorganisms. 

Bostré6m and Aqvist (11) found radioactive taurine in the livers of adult 
rats after administration of NasS®O, and no appreciable radioactivity in 
the cystine or methionine. This agrees with our results, although the ex- 
tent of the conversion of sulfate sulfur to taurine was considerably higher 
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in the chick embryo. Lowe and Roberts (12) have confirmed the fact that 
sulfate is utilized for taurine formation in the chick embryo and that no 
sulfate sulfur is incorporated into either cystine or methionine. 

It appears that the embryo is unable to utilize sulfate sulfur for cystine 
synthesis, whereas this does occur in the growing chicken (4) and hen (5). 
This suggests that the synthesis of cystine from sulfate sulfur takes place 


via microorganisms in the intestinal lumen or that, after being hatched, the 


chicken apparently contains an enzyme system for this synthesis which is 
not present in the embryo. 

Taurine has been reported to occur in embryonic tissues of the mouse 
(13) and the cow (14). No taurine was found in the 18 to 20 hour chick 
embryo (15), but it was detected in extracts of 8 day-old embryos (16). 
Results analogous to those reported in this paper were found for the de- 
veloping silkworm embryo (17). No taurine was found in the newly laid 
silkworm egg and taurine was found to increase with the growth of the 
embryo. 

Recent reports of the wide-spread occurrence of “free’’ taurine in tissues 
of the rat (18, 19), mouse (20), cat (21), rabbit (22), and cow (18) suggest 
that taurine can no longer be considered primarily in terms of a moiety of 
taurocholic acid. Our results, showing that only a small portion of the 
total taurine in the chick embryo occurs as taurocholic acid, would support 
this view. 


SUMMARY 


1. The uptake and distribution of S** were determined in the developing 
chick embryo after injection of S**-labeled sulfate into the egg. 

2. Almost all of the S** administered was recovered in the day-old chick. 
About 65 per cent of the dose occurred as organic sulfur in the protein-free 
filtrate. ‘The remainder was present as sulfate, primarily in the protein 
fraction. 

3. The organic material containing S* was identified as taurine. No 
radioactive cystine, methionine, or cysteic acid was detected. 

4. A total of about 50 mg. of taurine per egg was synthesized during the 
course of incubation. Taurocholic acid accounted for only a small por- 
tion of the total taurine. 
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INCORPORATION OF RADIOACTIVE SULFATE SULFUR 
INTO TAURINE AND OTHER SUBSTANCES IN THE 
CHICK EMBRYO* 


By IRENE P. LOWET ann EUGENE ROBERTS$T 


(From the Wernse Laboratory of Cancer Research of Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, June 1, 1954) 


Large amounts of free or easily extractable taurine have been found in 
extracts of tissues from various species in a number of laboratories. The 
function of taurine, with the exception of its réle in the formation of tauro- 
cholic acid, is completely unknown. Until recently it has been generally 
assumed that taurine is made solely from cysteine in the animal body. 
However, Bostrém and Aqvist (1) found a small, but definite, incorpora- 
tion of radioactive sulfate in taurine in the tissues of the rat, but not in 
methionine and cystine. During the course of the present work, Machlin 
(2) reported that analyses on the 18th day of incubation of chick embryos 
receiving radioactive sulfate on the Ist day of incubation revealed much 
of the radioactivity to be present in the form of taurine and none in other 
easily extractable organic sulfur compounds. The present experiments also 
show that sulfur from radioactive sulfate may enter into taurine as well as 
several other compounds in the intact chick embryo. A homogenate sys- 
tem in vitro is described which might prove helpful in elucidating the mech- 
anism by which this occurs. 


EXPERIMENTAL 


Experiments in Vivo—lIn all of the experiments to be described in this 
section, the radioactive sulfate (carrier-free H.S*°O,) was placed upon the 
chorioallantoic membrane in the usual fashion and chromatography was 
performed on aliquots of extracts of whole embryos prepared in the man- 
ner described previously (3). Amounts corresponding to 75 mg. of original 
fresh weight of tissue were employed for descending two-dimensional chro- 
matography in water-saturated phenol and lutidine. For radioautogra- 
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Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 
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Duarte, California. 
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phy, the developed chromatograms were placed in contact with type K 
industrial x-ray films for 10 to 14 days. Radioautographs of sections of 
bone from some of the experimental embryos were also prepared (4). 

Preliminary experiments with embryos incubated for 17 or 18 days re- 
vealed that 24 hours after the injection of the tracer radioactivity could be 
located in taurine and several unidentified constituents on chromatograms 
prepared from extracts of the embryos. At no time was any activity noted 
in free cystine, methionine, or glutathione. The findings were confirmed 
on a series of chromatograms of aliquots of the extracts to which were 
added known samples of the latter three substances and taurine. No ac- 
tivity was found in the methionine or cystine of hydrolysates of crude pro- 
tein preparations made from these embryos. 

The embryos were then injected with approximately 0.5 of a me. (0.2 
ml.) of radioactive sulfate per embryo at 11 days of incubation and were 
killed and extracted at the following time intervals after injection: 30 
minutes, 1, 2, 4, 6, 9, 12, 18, and 24 hours. Extracts of the embryos were 
chromatographed in the usual manner and the chromatograms were placed 
in contact with x-ray film for 11 days. The chromatograms were then 
sprayed with ninhydrin and the developed spots were compared with the 
radioactive areas on the corresponding radioautographs. In all instances, 
virtually identical patterns of ninhydrin-reactive constituents were ob- 
served, indicating that no severe upset in metabolism had been produced 
by the experimental procedures employed. As an example, Fig. 1, 4 and 
B, shows the chromatogram and corresponding radioautograph for the 9 
hour period. ‘The first radioactive area to appear on the autographs was 
Spot 1, which did not correspond to any ninhydrin-reactive constituent. 
Within 1 hour the area occupied by taurine gave a positive result, while at 
2, 4, and 6 hours the intensity of radioactivity in both taurine and Spot 1 
increased remarkably. At later time intervals, several other unidentified, 
ninhydrin-negative, radioactive areas became evident on the film. In the 
case of taurine, the darkened area on the film was somewhat smaller than 
the ninhydrin-positive area when the activity was very small and somewhat 
larger when the activity was high. This may be explained by the facts 
that there is a decreasing gradient of concentration from the center of the 
spot toward the periphery and that the radioautographic method of de- 
tection is more or less sensitive than the color reaction, according to the 
specific activity and the period of exposure of the film. With or without 
added taurine, it was noted that the contours of the ninhydrin spots were 
identical in minute detail to those of the corresponding areas on the radio- 
autographs. 

In order to obtain some quantitative information about the rate of in- 
corporation of sulfate into the taurine and Spots 1 and 2, the areas were 


| A 
| 
| 


A 


I. P. LOWE AND E. ROBERTS 479 


cut out and eluted with water, and suitable aliquots were plated and 
counted in a gas flow counter. It was established that spraying with nin- 
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Fig. 1. A, two-dimensional chromatogram of extract equivalent to 75 mg. of fresh 
weight prepared from a chick embryo incubated for 11 days 9 hours after the injee- 
tion of S*®-labeled sulfate. Amino acids visualized with ninhydrin. £B, radioauto- 
graph of chromatogram on A. Spots 1 and 2 are radioactive substances which do 
not reaet with ninhydrin. 


TABLE I 
Radioactivity in Taurine and Spots 1 and 2 in Extracts of Chick Embryos Injected with 
Radioactive Sulfate* 


Radioactivity, ¢.p.m. per embryo 


Time after injection 


Spot 1 Taurine Spot 2 

hirs | 
0.5 | 4,720 | 1,290 | 0 
1 | 15,950 2.570 0 
2 56 , 000 43,400 1,420 
4 | 40,400 50,000 1,720 
6 103 ,000 114,000 8,800 
9 116,000 106 ,000 12,500 
12 177 ,000 178,000 22,200 
Is 252,000 629 , 000 40,000 
24 552,000 655 , 000 31,000 


* Measurements were made in a gas flow counter on samples plated out on copper 
planchets. 


hydrin did not cause any loss of radioactivity from the papers. At the 30 
minute and | hour periods by far the greatest amount of activity was 
found in Spot 1 (Table I). In the remaining periods the activities found 
in Spot 1 and taurine were closely similar, with the exception of the 18 


K 
| 
ed 
| - TAUR. 
| 

| 
).2 
30 
re 
ed 
en 
he 
D- | 
id 
AS | 
t. 
at | 
Le 
n 
t 
is 
e | 
| 

| 

XUM 


480 INCORPORATION OF RADIOACTIVE SULFATE 8S 


hour sample in which considerably more activity was found in the taurine 
than in Spot 1. These findings suggest the possibility that the substance 
on Spot 1 may be a precursor of taurine. Activity appeared much later 
in Spot 2 and attained much lower levels. 

Fig. 2 shows radioautographs (48 hour exposure) made of leg bones from 
the embryos used for the first six time intervals of the above experiment. 
In all instances the strongly radioactive areas corresponded to cartilage of 
the bone, which was visualized by its metachromasia with toluidine blue. 
Even at 30 minutes after administration of the isotope, positive radioauto- 
graphs were obtained. At later time intervals there was an increase in the 
amount of radioactivity taken up and activity was noted also in adhering 
tissue such as skin and connective tissue. 

Experiments tn Vitro—Preliminary experiments were performed with 
homogenates of chick embryos incubated in Tyrode’s solution with and 


Fic. 2. Radioautographs of sections of limbs of chick embryos at the following 
periods after injection of radioactive sulfate: 7, 30 minutes; 2, 1 hour; 3, 2 hours; 4, 
4 hours; 5, 6 hours; 6, 9 hours. 


without added diphosphopyridine nucleotide (DPN) and adenosinetri- 
phosphate (ATP). Chromatography of aliquots of the incubation mix- 
tures after heat coagulation and centrifugation revealed that a small 
amount of radioactivity was found in the position corresponding to Spot 
1 of the experiments zn vivo, while no formation of this material took place 
in the boiled control. Asa result of further experimentation, a homogenate 
system was developed which demonstrated much greater incorporation of 
sulfate into this area. Coenzyme A (CoA), ATP, and DPN were included 
in some of the reaction mixtures because it was conjectured that the pri- 
mary fixation reaction might involve an activated 2-carbon unit. The 
experimental details are given in Table II. Radioautographs were made 
#~ chromatograms prepared from the incubation mixtures, and the chro- 
matograms were then sprayed with ninhydrin to reveal the amino acids. 
Although a number of radioactive areas were located on the chromato- 
grams, none of them corresponded to any of the amino acids. In addition 
to the large area given by the radioactive sulfate, the radioautographs of 
the boiled control showed a small amount of a radioactive impurity, X, 
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which appeared in approximately the same intensity on all of the chro- 
matograms (Fig. 3, 4). 

A new area of high radioactivity which appeared after incubation (shown 
in the upper left-hand corner of Fig. 3, B) actually consisted of two poorly 
separated spots. This area was eluted to obtain the counts shown in 
Table If. Subsequent one-dimensional chromatography of the eluates and 


TABLE II 


Counts in Major New Radioactive Area on Chromatograms after Incubation of 
Homogenates of Chick Embryos in Presence of Radioactive Sulfate* 

All incubations were performed in 20 ml. beakers in a Dubnoff incubator at 37 
in an air atmosphere for 3 hours. All beakers contained 2 ml. of undiluted homog- 
enate prepared from chick embryos incubated for 11 days, 1 ml. of 0.1 M tris(hydroxy- 
methyl)aminomethane (pH 8.0), 0.1 ml. of radioactive sulfate (1 me.), 0.1 ml. of ace- 
tate (1.5 mM), and 0.1 ml. of pyruvate (1.5 mM). 2 mg. of DPN (65 per cent purity) and 
1 mg. of 90 per cent CoA and 0.1 ml. of 0.01 m ATP were added to the beakers as 
indicated. Water was added when needed so that the final volume was 3.5 ml. in all 
flasks. The contents of the incubation mixtures were heat-coagulated and cen- 
trifuged and 0.2 ml. aliquots of the supernatant fluid were employed for chromatog- 
raphy in phenol and lutidine. 


° 


Additions Radioactivity, c.p.m. per flask 


* Measurements were made in a gas flow counter on samples plated out on copper 
planchets. 
t Boiled control, incubated for 3 hours. 


of the original incubation mixture in water-saturated phenol, water-satu- 
rated lutidine, and butanol-acetic acid-water (80:20:20 volumes) mixture 
followed by radioautography showed that the major radioactive component 
migrated similarly to the material from Spot 1 of the experiments tn vivo. 
Chemical characterization will be necessary before the identity of the two 
materials can be established. Work is in progress to identify the various 
substances containing radioactive sulfur. Of the substances added to the 
incubation mixture CoA showed the greatest stimulation of appearance of 
radioactivity in the major radioactive area. The addition of ATP and 
DPN produced some stimulation both in the absence and presence of CoA. 
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Few changes from the patterns observed in the boiled controls were noted 
in the ninhydrin-reactive constituents of the incubation mixtures. All of 


the samples showed large increases in alanine content which were probably =e 
attributable to the transamination of various amino acids with the large : 
amount of pyruvate contained in the incubation mixture. A marked de- 
crease in glutamine content occurred in all instances in which ATP was 
not added. 

4 ‘ 

( 


Fia. 3. A, radioautograph of 0.2 ml. of incubation mixture of boiled control from 
the experiment described in Table Il. = radioactive impurity. B, radioauto- 
graph of 0.2 ml. of incubation mixture from experiment with chick embryo homog- 
enate to which had been added CoA and DPN (see Table I] for the details). 


DISCUSSION 


The present findings confirm those of Machlin et al. (2, 5) who showed 
that S**-labeled sulfate is incorporated into taurine in the intact chick 
embryo without appearing in cystine or methionine. Even within 30 min- 
utes after injection of the isotope, radioactivity was detected in taurine as 
well as in an unknown substance on chromatograms of alcoholic extracts 
of the embryos and in sections of the limbs where it probably was present 
as chondroitin sulfate. A number of other substances containing the 1so- 
tope were found at later time intervals on two-dimensional chromatograms 
prepared from extracts of whole chick embryos injected with radioactive 
sulfate or from suitably supplemented incubation mixtures of homogenates 
of chick embryos. Of particular interest in this connection is the recent 
report of Koechlin (6) on the presence of large amounts of 2-hydroxveth- 
anesulfonic acid Gsethionic acid) in the axoplasm of squid giant nerve 
fibers. The above findings suggest that sulfate may undergo many hith- 
erto unsuspected transformations in animal tissues. 
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SUMMARY 


1. Injection of S*-labeled sulfate into chick embryos resulted in a rapid 
fixation of the sulfate sulfur into taurine and a number of unidentified 
substances, but not into cystine, methionine, or glutathione. The activi- 
ties in taurine and two of the unknown substances were determined at sev- 
eral time intervals between 30 minutes and 24 hours after administration 
of the isotope. 

2. Radioactivity appeared in several substances, but not in taurine, 
when a homogenate of chick embryo was incubated with $*-sulfate in the 
presence of pyruvate and acetate. The addition of coenzyme A, ATP, 
and DPN significantly increased the amount of radioactivity appearing in 
the major radioactive area on two-dimensional chromatograms. 
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THE REACTION OF QUINONES WITH PROTAMINE AND 
NUCLEOPROTAMINE: N-TERMINAL PROLINE* 


By HOWARD 8S. MASON anp E. W. PETERSON 


(From the Department of Biochemistry, University of Oregon Medical 
School, Portland, Oregon) 


(Received for publication, July 26, 1954) 


Salmine is a protamine of molecular weight 7000, consisting of the amino 
acids arginine, serine, proline, glycine, valine, isoleucine, and alanine (1-4). 
Proline appears to occupy the N-terminal position (3, 5, 6). However, 
the conditions under which salmine is isolated ((1), ef. (7)) and under which 
proline has been identified as the N-terminal amino acid (3, 8, 9) are rela-_ 
tively severe with respect to protein stability.!. It has been reasonably 
suggested that the observed result may be an artifact of hydrolysis or de- 
naturation (7, 87). 

In the present investigation we have applied to the problem of N-terminal 
residues in ‘‘native” salmine a reaction between quinones and secondary 
amines which proceeds rapidly at neutral pH in the absence of organic 
solvent and which results in characteristic absorption spectra (10, 11). By 
this means it has been possible to confirm the presence of N-terminal pro- 
line in isolated salmine and to demonstrate it in nucleoprotamine, from 
which salmine is prepared. The reaction with proline itself may be depict- 
ed according to the accompanying scheme. 


EXPERIMENTAL 


Reagents—Catechol, 4-methyleatechol, N-acetylglycine, and L-proline 
were obtained commercially. N-Acetyl-L-proline was synthesized from 
L-proline according to the method of Neuberger (12). The sample melted 
at 115-116° (uncorrected). Purified mushroom tyrosinase was obtained 
from the Treemond Company, New York. Appropriate dilutions were 
made immediately before use from stock solutions which contained 6200 
Miller-Dawson catecholase units per ml. (13) or 1510 units per mg. of dry 
weight. Samples of salmine*® had the characteristics listed in Table I. 


* This investigation was supported in part by funds from the Sloan Foundation, 
New York. 

'The reaction medium for the 2,4-dinitrofluorobenzene method of N-terminal 
amino acid analysis (5) is bicarbonate-ethanol solution; that for the pipsyl chloride 
technique (3) is aqueous pyridine. 

2? Fraenkel-Conrat, H., personal communication cited by Tristram (7). 

* Samples of salmine sulfate and of guanidinoacetic acid were contributed by the 
following persons or companies, to whom we wish to express our thanks: Dr. Ruth 
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Nucleoprotamine was prepared from fresh sperm of Columbia River salmon, 
according to the method of Pollister and Mirsky (14). 

Mcethods—The following procedure was used to observe optical character- 
istics of the reaction between o-quinones and amines: 2 uymoles of o-diphenol =~ 
and of amine in 2.3 ml. of 0.1 M phosphate buffer at pH 6.85 were equili- _ 
brated at 25° in a Dubnoff shaking machine; then 0.5 ml. of buffer contain- 
ing 40 Miller-Dawson units of tyrosinase was added. After appropriate 


H 4 
(O) , 
En (J | 
O 
20 Os OH 
++ 


intervals, 1.0 ml. of reaction mixture was withdrawn, diluted with 9.0 ml. 
of buffer, and observed in a Beckman DU spectrophotometer in matched 
silica cells 1.0 em. in depth, the blank containing buffer and enzyme only. 
Results are reported in terms of optical density, D, as a function of wave- 
length in millimicrons. For quantitative purposes optical densities at 
specific wave-lengths were measured 1 minute and 30 seconds after dilution 
of the reaction mixture. 

Solutions identical with those described above were used for measure- 
ment of oxygen consumption corresponding to color change. ‘To initiate 
the reaction, the enzyme in 0.5 ml. was tipped into 2.3 ml. of buffer contain- 
ing the other components in the main compartment of constant volume 
manometer vessels. KOH (0.2 ml., 10 per cent) was used in the central 
well of each! vessel. 


Peterson, thesKrishell Laboratories, Ine., Portland, Oregon, Dr. G. R. Tristram, and : I 
Dr. Oleott. | 
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Results 


Characteristics of Reaction between o-Quinones and Proline or Salmine— 
The consumption of oxygen during the enzymic oxidation of catechol and 
4-methyleatechol in the presence of proline or salmine is depicted in Fig. 1. 
4-Methyl-o-quinone, to which 4-methylcatechol was almost immediately 
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Fic. 1. The oxygen consumed during the enzymic oxidation of 2 zmoles of 4-meth- 
vleatechol in the presence of 0.1 M phosphate buffer (2.8 ml.), pH 6.85, 40 units of 
tvrosinase, and (Curve A) 2 umoles of proline, (Curve B) 2 wmoles of salmine sulfate; 
the oxygen consumed during the enzymic oxidation under the same conditions of 2 
umoles of catechol in the presence of (Curve ©) 2 wmoles of proline, (Curve D) 2 
umoles of salmine sulfate, and (Curve E:) 4 wmoles of salmine sulfate. The dash 
lines represent volumes equivalent to 1, 2, and 3 atoms of oxygen per molecule of 
diphenol. 


converted with the consumption of 1 atom of oxygen under the conditions 
employed, reacted more slowly with either proline or salmine than did 
o-benzoquinone formed under the same conditions. An increase of the 
concentration of salmine to 2 molecules per molecule of diphenol had no ef- 
fect on the total oxygen consumption in the case of 4-methyleatechol, but 
resulted in a proportional increase with catechol. 

The absorption spectra of pigments formed when catechol was oxidized 
by excess tyrosinase in the presence of proline, V-methylglycine, and 
salmine is illustrated in Fig. 2. The simple bases yielded pigments with 
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absorption maxima at 310 my and at 525 my; the pigment formed from 
salmine had a maximum at 510 mu. 

The rate of formation of pigments under the conditions described above 
is depicted in Fig. 3. During the reaction between catechol, tyrosinase, and 
proline, the optical density at 525 my increased rapidly during the first 6 
minutes and slowly thereafter. On the other hand, during the reaction of 
the catechol-tyrosinase system with a molecular equivalent of salmine sul- 
fate the optical density at 510 my, at the maximal characteristic of the pig- 
ment formed, increased very rapidly during the Ist minute, remained 
approximately level for the subsequent 5 minutes, and then began to di- 


300 400 SOO my 
WAVE LENGTH 


Fig. 2. Spectra of the pigments formed after 6 minutes of enzymic oxidation of 2 
umoles of catechol in the presence of 0.1 M phosphate buffer, pH 6.85, 40 units of 
tvrosinase, and (Curve A) 1 wmole of salmine sulfate (Sample K-1), (Curve B) 2 
umoles of N-methylglycine, and (Curve C) 2 wmoles of proline. 


minish. This decrease was associated with the appearance of a disperse 
precipitate. 

The optical density at 510 my after 6 minutes of reaction between the 
catechol, tyrosinase, and salmine was found within limits to be a linear 
function of the concentration of salmine (Fig. 4). At the end of 6 minutes 
of reaction, the solution was diluted 10 times and examined spectrophoto- 
metrically. The values represented in Fig. 4 were obtained by subtracting 
from the observed optical densities the density (approximately 0.07) of a 
salmine-free enzyme-substrate system measured at 510 my after 6 minutes 
of reaction. 

Relative N-Terminal Proline of Salmine Samples—In Table I are listed 
values of relative N-terminal proline content; the content of sample K-1 
(Krishell) is taken as 100 per cent. ‘To obtain these values, approximately 
1 wmole of each sample (8.2 mg.) was substituted for sample K-1 in the 
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system described by Fig. 4, and the relative \V-terminal proline content 
calculated from the observed optical density at 510 my was corrected to 
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hia. 3. Rate of development of color in the svstems catechol-t yvrosinase-proline 
(Curve A) and catechol-tyrosinase-salmine (Curve B). The curves represent optical 
densities at 525 my (Curve A) and 510 mp (Curve B), developed when 2 umoles of 
catechol in the presence of 2.8 ml. of 0.1 M phosphate buffer, pH 6.85, and 40 units of 
tyrosinase react with (Curve A) 1.2 ymoles of proline and (Curve B) 1 gmole of sal- 
mine sulfate. 

Fig. 4. Optical density at 510 my after 6 minutes of reaction of 2 wmoles of cate- 
chol, 40 units of tyrosinase, and varying quantities of salmine sulfate in 2.8 ml. of 
0.1 Mm phosphate buffer, pH 6.85. The reaction mixture was diluted 1:10 with buffer 
prior to spectrophotometric measurement. The values have been corrected for 
blank readings. The abscissa represents per cent of salmine standard when 100 per 
cent contains 1.775 mg. of nitrogen (Krishell sample) per 2.8 ml. of reaction volume. 


TABLE I 
Water, Nitrogen, and Relative N-Terminal Proline Content of Three 
Samples of Salmine 


N-terminal proline, per 


Sample HO N (dry) cent of standard 
per cent per ona 
8.05 23.6 100 
11.27 24.3 92 


a value for nitrogen content identical with that of the standard (sample 
IX-1), 1.775 mg. per 2.8 ml. of reaction volume. 
N-Terminal Proline of Nucleoprotamine—N ucleoprotamine prepared from 
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salmon sperm according to the method of Pollister and Mirsky (14) and 
deoxyribonucleic acid from salmon sperm were dissolved in 1.0 mM NaCl at 
concentrations giving identical extinctions (D = 0.16) at 260 my; each then 
contained 0.001 mg. of P per ml. The catechol employed in these experi- 
ments was also dissolved in 1.0m NaCl. o-Quinone generated in the pres- 
ence of tyrosinase was found to form a characteristic pigment only in the 
presence of nucleoprotamine, as depicted in Fig. 5. The spectrum of this 
pigment displayed a maximum at 510 my, similar to that of the pigment 
formed from o-quinone and salmine. 


500 
WAVE LENGTH mw 


Fic. 5. Absorption spectra developed after 6 minutes of reaction of 2 uwmoles of 
catechol, 40 units of tyrosinase, and (Curve A) nucleoprotamine containing 0.001 
mg. of P and (Curve B) deoxynucleic acid containing 0.001 mg. of P, in 0.1 mM phos- 
phate buffer, pH 6.85, also 0.82 Mm in NaCl. 


DISCUSSION 


The enzymic oxidation of catechol and 4-methyleatechol in the presence 
of secondary amino acids has been extensively examined by Jackson and 
KXendal (10); experiments which we have repeated in the present investiga- 
tion have been confirmatory with respect to oxygen consumption, relative 
rate of reaction, and spectra of the pigments formed. In so far as the 
system catechol-tyrosinase-salmine consumes 2 atoms of oxygen per mole- 
cule when the ratio of catechol to salmine is approximately 1, it appears 
that an analogy exists between this system and the system catechol-tyro- 
sinase-proline. The reactions involyed may accordingly be formulated as 
illustrated in the diagram. When the ratio of salmine to catechol is ap- 
proximately 2, however, the oxygen consumption increases toward 4 atoms 
per molecule of catechol oxidized (Fig. 1). There is no analogy to proline 
here, but in view of the formation of dianilino-o-quinone from o0-quinone 
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and aniline (15) and the failure of the system 4-methyleatechol-tyrosinase- 
salmine to behave similarly, it seems reasonable to deseribe the reaction 
between 2 molecules of salmine and | of o-quinone as in the scheme on 


O 
[ NAH 
N 
+? 
re) R 
Noe 
OH 
+ 
O 


p.492. This accounts for the consumption of 3 atoms of oxygen per mol- 
ecule of catechol oxidized; a reductive rearrangement of the type already 
encountered with aminoquinones (16) probably underlies further oxygen 
consumption. 

The reaction described in this paper has limited utility with respect to 
identification of N-terminal amino or imino acids, since o-quinones react 
with primary aliphatic amino groups generally to form pigments with 
maxima in the region of 480 mu. ‘The other groupings in salmine theoreti- 
cally capable of reacting with the catechol-tyrosinase system, with the 
consumption of oxygen and concomitant spectral changes, are the guani- 
dino group of arginine, the imide nitrogen of peptide bonds, and the acy] 
imino peptides derived from proline. However, it is unlikely that these 
participate in the catechol-tyrosinase-salmine reaction, since these group- 
ings in simpler molecules, 7.e. guanidinoacetic acid, N-acetylglycine, and 
N-acetylproline, respectively, failed to affect the manometric or spectro- 
photometric characteristics of the reaction. It is therefore reasonable that 
only the N-terminal grouping of salmine is chromogenic. 

Any utility of the quinone reaction for the quantitative estimation of 
N-terminal prolyl groups would rest upon the assumption that the extince- 
tion coefficients of the pigments formed from proline and salmine are identi- 
cal. This assumption cannot be justifiably made without knowledge of the 
influence of chain length upon the extinction coefficients of peptide-linked 
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pigments; there is, furthermore, a shift in position of the maximum from 
525 mu to 510 mu, possibly metachromatic. For these reasons, no quanti- 
tative estimate of N-terminal prolyl groups in salmine or nucleoprotamine 


has been made in this study, although there is no evident reason why the | 
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method should not be capable of development. The differences in the rela- 
tive chromogenic activity of various samples of salmine (Table 1) may 
reflect species differences, or differences in relative mean frequency of 
N-terminal prolyl groups arising from the hydrolytic degradation of ‘‘na- 
tive” salmine at prolyl residues during isolation (1). 

The mechanism of combination of quinones with protamines and nucleo- — , 
protamines is of interest from the point of view of carcinogenesis (17), | 
particularly since Heidelberger and his coworkers have shown that several | 

: quinones are formed in vivo from 1,2,5,6-dibenzanthracene (18). The 
present work indicates that, in so far as the protamine moiety is concerned, 
a primary site of reaction is the V-terminal group, and that end to end 
linkage of protamine molecules may occur through quinone. However, — , 
several modes of combination of quinones with nucleoprotamines are pre-  — 
dictable (19). The characterization of the reactions described above as 
biochemical lesions occurring during carcinogenesis by quinones is definitely 
premature. 


SUMMARY 


The reaction between o-quinones and proline has been extended to the 
estimation of relative mean \-terminal prolyl content of salmine. 
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Illinois, Chicago, Illinois) 


(Received for publication, January 12, 1954) 


Recent findings have suggested the possibility that the formation of 
phosphopyruvate might be a site of the regulatory actjon of certain hor- 
mones upon cellular metabolism. Dirscherl and Hauptmann (1) and Kun 
and MeCurley (2, 3) have reported on the interaction of various steroid 
hormones with enolase in vitro and in vivo. The studies cited above were 
carried on on yeast and homogenates of animal tissues respectively. For 
the purposes of investigation on humans the erythrocyte seems to be the 
most convenient choice of all types of cells. 

It is known that more than half of the acid-soluble organic phosphorus 
of the erythrocyte is made up of 2,3-diphosphoglycerate (4, 5). Enzy- 
matic dephosphorylation of this compound was reported in human erythro- 
cytes (5, 6), in hemolyzed horse blood (7), and in various animal tissues 
(8). The disappearance of phosphoglycerate phosphorus was shown to be 
connected in intact red cells with the formation or preservation of a 7 
minute-hydrolyzable phosphate bond, both changes being inhibited by 
fluoride (5,9). It is a fair assumption that the fluoride-sensitive formation 
of phosphopyruvate is an important intermediate step in the rephosphor- 
ylation of the adenine nucleotide system in the intact cell. 

The main objectives of the present study were to establish general 
conditions and requirements for the enzymatic formation of phosphopy- 
ruvate from phosphoglycerate, to determine the rate of this reaction in 
human erythrocytes, and to investigate the effect of insulin upon the rate 
of formation of phosphopyruvate. 


EXPERIMENTAL 


Commercial barium phosphoglycerate (Schwarz Laboratories, Inc., New 
York) was dissolved in 0.1 N HCl, reprecipitated with BaCl., and redis- 
solved in HCI, and the barium removed as sulfate and the solution brought 
to pH 6.8 with K.COs. 

Blood was withdrawn from the cubital vein of fasting persons. Fibrin 


* This work was supported by the University of Illinois Foundation, Project No. 6. 
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was removed by shaking with glass beads. After standing at room tempera- ! 
ture for an hour, the blood was centrifuged at 800 r.p.m. for 10 minutes to — J 


sediment the erythrocytes. ‘The fibrin clot removed most of the leucocytes © 
from the blood; the rest were decanted with the supernatant fluid and = | 
top layer of the sediment. The residue was resuspended in Ringer’s solu- | | 
tion at pH 7.45 and centrifuged at 3200 r.p.m. for 10 minutes. The re- © 
quired amount was pipetted into 30 times its volume of cold distilled water. 
The total blood pigment content of such hemolysates was about | per cent 
as measured colorimetrically in every sample (10). The hemolysate was 
finally filtered through a Whatman No. 1 filter paper. 

1 ml. of hemolysate was added to a preincubated mixture to give final — 
concentrations in 3.5 ml. volume as follows: 0.007 mM phosphoglycerate 
(equilibrium mixture of 3- and 2-phosphoglycerate), 0.0015 M inorganic 
phosphate, 0.1 Mm Kt, 0.0012 Mm MgSO,, 0.007 m tris(hydroxymethy])amino- 
methane, and 0.28 per cent total blood pigment. The time of the incuba- 
tion was 10 minutes; pH 6.8; temperature 37°. The reaction was stopped = | 
by the addition of 1 ml. of 20 per cent trichloroacetic acid. 

The colorimetrically determined phosphorus content (11) of an alkali- | 
treated (0.5 N KOH, 15 minutes at room temperature) aliquot of the de- 
proteinized filtrate was subtracted from the phosphate value of a hy- | 
poiodite-treated (0.5 N KOH plus 0.1 n I; in KI, 15 minutes at room | 
temperature) aliquot. The difference between the two concentrations was © 
regarded as enol phosphate (phosphopyruvate-P), whereas the subtrahend 
was known to contain inorganic and unknown alkali-saponifiable phos- 
phate fractions besides triose phosphate. 


Results 


The enzymatic rate was expressed as micrograms of iodine-labile phos- 
phorus formed per mg. of blood pigment per hour. The rate was found — 
constant up to 20 minutes. Its mean value for twelve determinations on 
the same person was 56.5 + 0.7. The mean rate of fourteen persons of 
both sexes was 61.0 + 2.2. No sex difference was seen in these human 
blood cells in apparent contrast with observations by others (2, 3) on © 
various organs of the rat but not of the mouse. The authors cited above  _ 
do not give data on the activity in the blood cells of the animals. | 

The given concentration of the hemolysate addition fell into the middle 
portion of the linear part of the enzyme concentration-activity curve. Full 
activity was obtained with the regularly used 0.007 M substrate (phospho- 
glycerate) concentration. The pH-activity curve showed a flat maximal 
zone between 6.6 and 7.5. A plot relating Mgt*/v to various Mg++ con- 
centrations gave good linearity. The apparent Mg-enzyme dissociation 
constant was found to be 3.1 K 10-°> mM. The MgSO, concentration of the 
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regular incubation mixture was near the lower limit of the physiological 
Megt+ content of the erythrocyte and was found to be safely saturating. 
Calcium was found to inhibit markedly the formation of phosphopyru- 
vate in contrast with the finding of Boyer ef al. on an acetone precipitate 
of a muscle extract (12), but in agreement with data of Utter and Werkman 
on Escherichia coli extracts (13). The plot of 1/v; against 1/Mg** (14), 
in the presence of varied inhibiting calcium concentrations, gave straight 
lines with different slopes but an identical intercept (Fig. 1). This picture 
is the familiar one in the case of inhibitions of a competitive kind. A 
calcium molarity equaling the fully activating magnesium concentration 


lV, 
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Fic. 1. Competitive inhibition by various calcium concentrations in relation to 
varied magnesium concentrations in «a svstem forming phosphopyruvate from phos- 
phoglycerate. Velocity of the reaction (v) is expressed in mg. of iodine-labile phos- 
phorus formed per 3.5 ml. of incubation mixture per hour. 


gives 50 per cent inhibition, suggesting the comparability of the affinities 
of the 2 cations for the enzyme involved. The fact that the calcium 
concentration of the serum would inhibit almost totally, even at physio- 
logical, saturating Mgt* concentrations, may account for the inactivity of 
the serum. No accumulation of inorganic phosphorus was observed due 
to the presence of calcium, thus indicating that the effect was not caused by 
dephosphorylation of the once formed phosphopyruvate via a calcium- 
activated phosphatase. Potassium fluoride inhibited the formation of 
phosphopyruvate completely in the concentration applied (2.3 & 107% M). 
No other concentrations were used. 

In a few experiments phosphopyruvate (0.0014 mM) was added instead of 
phosphoglycerate to otherwise identical incubation mixtures. A slow dis- 
appearance of phosphopyruvate was seen here, amounting to about 5 to 
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10 per cent of the original addition in 10 minutes. An even smaller quan- 
tity of phosphopyruvate can be assumed to be broken down during the 
regular experiments with phosphoglycerate addition, the phosphopyruvate 
concentration being originally zero and increasing during 10 minutes to 
0.0007 m. ‘This low rate of disappearance of the phosphopyruvate from 
the system made it possible to use it for the enzymatic preparation of 
phosphopyruvate. In the latter type of incubations with larger volumes, 
the incubation mixture was deproteinized after 60 to 80 per cent of the 
equilibrium value had been attained, after which phosphoglycerate was 
eliminated by precipitation with barium at pH 8.2 and the phosphopyru- 
vate separated after treatment with 4 volumes of alcohol. The product 
so obtained contained 80 to 90 per cent of the calculated value of iodine- 
labile phosphorus after it had been reprecipitated and dried in a vacuum. 

The intravenous injection of 0.1 unit of insulin (Iletin, Lilly) per kilo of 
body weight did not modify the rate of phosphopyruvate formation in 
hemolyzed erythrocytes of the fourteen healthy individuals. Neither did 
the addition zn vitro of 10 mg. of powdered insulin! to the incubation mix- 
ture affect the rate significantly. 


DISCUSSION 


It was found that uniformly prepared hemolysates from healthy persons 
displayed a remarkably constant rate of formation of phosphopyruvate 
from phosphoglycerate as calculated on the basis of total blood pigment of 
the erythrocyte. It is known that hemoglobin makes up more than 90 
per cent of the total protein content of these highly specialized non-nucle- 
ated cells. If the rate is expressed in terms of non-hemoglobin protein, the 
activity of human red blood cells fits into the values found by Kun and 
MecCurley (2, 3) for most tissues of the rat (spleen, liver, brain, thyroid). 
Horecker has reported another case of similarity of rates found in erythro- 
cytes and in nucleated cell material (15). Others have pointed out the 
importance of fluoride-sensitive glycolysis in the maintenance of the cellu- 
lar ionic milieu (16-18). 

The fact that low concentrations of calcium can produce a considerable 
inhibition of the formation of phosphopyruvate may account for unidenti- 
fied glycolytic inhibitions in the presence of blood serum or other calcium- 
containing media. 


SUMMARY 


Hemolyzed human erythrocytes form phosphopyruvate from phospho- 
glycerate. Magnesium activates in such systems, its apparent dissociation 
constant with the enzyme being 3.1 X 10 ° M. 


1 Insulin powder was kindly supplied by Dr. K. K. Chen. 
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The rate was found to be fairly constant in fourteen healthy persons and 


was expressed in terms of the hemoglobin content (mean rate, 61.0 + 2.2 y 
of P per mg. of hemoglobin per hour). Expressed in terms of mg. of non- 
hemoglobin protein, the magnitude of the rate was comparable with those 
found by others for various homogenized tissues of the rat. 


No sex difference was found nor was the rate affected by the application 


of insulin either zn vitro or in vivo. 


Calcium was found to be an inhibitor of the formation of phosphopyru- 


vate; it competes with the activating magnesium. The apparent dissocia- 
tion constants of the 2 cations with the enzyme protein were found to be 


identical. 
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THE FORMATION OF GLUCOSE AND GLUCURONIC ACID 
FROM LACTATE-3-C™% IN) VITRO* 


By FRANK EISENBERG, Jr.f 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of The City of New York, Inc., New York, New York) 


(Received for publication, June 14, 1954) 


The observation that lactate and pyruvate are more effective than 
glucose in stimulating the formation of conjugated glucuronides in vitro 
led early investigators to the conclusion that glucuronic acid originates 
from trioses (1). Whereas there is some isotope evidence taken in support 
of this view (2, 3), most recent studies with isotopically labeled compounds 
have suggested that glucuronic acid arises more directly from hexose (4-9), 
trioses serving as precursors only by virtue of their prior synthesis 
to hexose. In the present study the distributions of C™ in the 2 terminal 
carbon atoms, C-6:C-1, of glucose (glycogen) and of glucuronic acid pro- 
duced simultaneously in liver slices from lactate-3-C™ were compared and 
found to be identical. It will be shown that these results, taken together 
with earlier findings, bespeak the direct rdle of glucose Gr a hexose as the 
principal precursor of glucuronic acid. 


EXPERIMENTAL 


Incubation——Male guinea pigs weighing about 500 gm. were fasted for 18 
hours and then sacrificed. The livers were removed and sliced with a 
Stadie-Riggs slicer, and the slices incubated at 37.5° and pH 7.4 for 2 
hours in a medium having the following composition (10): CaCl. 10 mm, 
KCl 33 mm, NaCl 32 mm, NaHCO; 40 mM, potassium lactate-3-C™ 26.5 
mm, and menthol 0.02 per cent. Potassium lactate-3-C™ was prepared 
from zine lactate-3-C"™ trihydrate as follows: A dilute solution of the latter 
salt was passed through a column of [R-120 Amberlite cation exchange 
resin. The effluent lactic acid-3-C™ was neutralized with KHCO; and 
diluted to the desired concentration with non-radioactive potassium lactate. 
The zine salt used in Experiment 1 was made from propionate-3-C™ by a 
method described previously (11). The incubation mixture was gassed 
continuously with 95 per cent O.-5 per cent CO», saturated with water 

* This investigation was supported in part by a research grant, No. A-324, from 
the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service. 

t Present address, National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, Bethesda, Maryland. 
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vapor and menthol, in order to prevent loss of menthol from the incubation 
flask. 

Isolation of Glycogen and Menthyl Glucuronide—-At the end of the ineuba- 
tion period, the slices were separated from the medium, and glycogen was 
isolated from them by the procedure of Stetten and Boxer (12). 200 mg. 
of non-radioactive glycogen were added as carrier to the alkaline digest at 
the beginning of the isolation procedure. About 175 mg. of pure radio- 
active glycogen were recovered in each experiment. 

The medium remaining after removal of the slices was chilled, acidified 
with HCI until just acid to Congo red, and lvophilized, and the residue 
was dried over CaCl, tn vacuo and then extracted with peroxide-free ethy! 
ether for 24 hours in a Soxhlet extractor. The ether extract was shaken 
twice with dilute ammonia water to extract menthyl glucuronide as the 
ammonium salt. 400 mg. of non-radioactive ammonium menthyl glu- 
curonidate were added as carrier, the solution was boiled with Norit and 
filtered, and the ammonium salt was precipitated by the addition of 50 
per cent by weight of (NH4)2SO4. Further purification and conversion to 
menthyl glucuronide were carried out as described previously (13). The 
vield of pure radioactive menthyl glucuronide was about 280 mg. 

Degradation of Glycogen—Glycogen in 3 per cent solution was hydrolyzed 
by being boiled for 3 hours in 1 N HCl. A single batch of IR-45 Amberlite 
anion exchange resin was added to neutralize the acid, removed by filtra- 
tion, and washed several times. The syrupy residue remaining after evap- 
oration of the combined washings and filtrate was then converted to potas- 
sium gluconate by oxidation with hypoiodite (14). Carbon atoms 1 and 
6 of the gluconate were isolated by a method described elsewhere (15). 

Degradation of Menthyl Glucuronide—Carbon atom 6 was obtained as COs 
by the acid decarboxylation method commonly used (16). 

Another portion of menthyl glucuronide was converted to ammonium 
acid saccharate by a procedure described previously (13). Combined 
carbons | and 6 were obtained as CO, from the saccharate by oxidative 
decarboxylation with NaIO, under conditions described for the gluconate 
degradation. 

All fragments were counted as infinitely thick plates of BaCO;. The 
observed activities ranged from 10 to 20 times background, except in the 
glucuronide fragments in Experiment | in which the activities were twice 
background. Samples were counted long enough to reduce the random 
counting error to +3 per cent. 


RESULTS AND DISCUSSION 


In previous experiments in which the incorporation of unsymmetrically 
labeled hexoses into glucuronic acid has been studied, the inference has 
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been consistently drawn that glucose is converted directly to glucuronic 
acid. Thus, in mammals (5, 6), microorganisms (7-9), and mammalian 
liver slices (3), glucose-1-C™ and glucose-6-C™ have given rise to glucuronic 
acid labeled preponderantly in the 1 and 6 positions respectively. The 
possibility that glucose gives rise to a single 3-carbon fragment or to a 
well equilibrated mixture of trioses which in turn condense to yield glu- 
curonic acid is considered eliminated. Had such a sequence of reactions 
occurred, preponderant and equal labeling in two positions of glucuronic 
acid would have been found. Whether or not the labeling would be sym- 
metrical would depend on the mode of combination of the trioses. 

Bidder has pointed out, however, that from the singly labeled hexose 
studies just cited it is impossible to differentiate between hexose and an 
alternative source of glucuronic acid, namely non-equilibrated trioses (3). 
Since only | carbon atom of the precursor is labeled, it is not possible, as he 
implies, to assess the réle of the unlabeled part in giving rise to the product. 
In apparent support of his contention Bidder has found in liver slices that, 
whereas glucose-1-C™ yielded glucuronic acid-1-C™ virtually exclusively, 
lactate-8-C™ gave glucuronic acid-1 ,6-C™ in which C-6 was more than 
twice as radioactive as C-1, and has concluded that glucuronic acid is de- 
rived from two non-equilibrated trioses, one coming from the aldehydic 
half of glucose, the other from lactate. 

Bidder’s results, however, still do not exclude the direct participation 
of the entire glucose molecule, since it is possible that under the conditions 
of his experiment the glucose, as well as the glucuronic acid, formed from 
lactate might have shown this same unsymmetrical distribution of label 
between C-1 and C-6. In general, the distribution of C™ in glycogen re- 
flects the mode of formation of glucose. If the labeling patterns of glucose 
(glycogen) and glucuronic acid (menthy! glucuronide) manufactured in the 
same slices are the same, then no choice can be made between hexose and 
non-equilibrated trioses; if the distributions are different, then hexose is 
excluded as the precursor. It was with the object of making this com- 
parison that the experiments reported here were performed. 

Since little glycogen synthesis would be expected under the conditions 
of Bidder’s experiment, in which Ringer’s bicarbonate solution was the in- 
cubation medium, the experiments presented here were carried out with a 
high potassium buffer previously shown to favor glycogenesis in liver slices 
(10). It can be seen from Table I that both glycogen and glucuronic acid 
exhibited the same labeling pattern, and hence no choice can be made, on 
this basis alone, between hexose and non-equilibrated trioses as glucuronic 
acid precursors. But in contrast to the asymmetry in glucuronic acid ob- 
served by Bidder, both compounds are approximately symmetrically 
labeled. These results then necessarily rule out non-equilibrated trioses 
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as the immediate source of glucuronic acid, except to the slight extent that 
C-6 is more radioactive than C-1. 

It should be noted that in all four degradations reported in Table I C-6 
was slightly more radioactive than C-1. Two possible explanations can 
be offered to account for these results. First, under these experimental 
conditions triosephosphate isomerase might not completely equilibrate 
3-phosphoglyceraldehyde and dihydroxyacetone phosphate, both of which 
are derived from lactate. Second, symmetrically labeled glucose arising 
from lactate-3-C™ may through the agency of the ‘oxidative’ pathway 
(17) be converted to unsymmetrically labeled glucose with more radio- 


TABLE 
Distribution of Radioactivity in Glycogen and Glucuronic Acid 
48 gm. (wet weight) of liver slices from fasted guinea pigs were incubated in 300 
ml. of a high potassium buffer with menthol and lactate-3-C'*. Glycogen and men- 


thyl glucuronide were isolated and degraded. All degradative fragments were con- 
verted to COs and counted as BaCQs. 


Glycogen Glucuronic acid 
Specific activity, 


Experiment No.* Ratio, Specific activity, c.p.m. per Ratio, 


miltiatom C milliatom C C4 

1 — 3000 3360 1.12 | 514 530 498 1.06 

2 5190 5580 1.08 2520 #2760 2280 =6.:'11. 21 
Average.......... 1.10 | 1.14 


* In Experiment 1, 0.15 me. of lactate-3-C'4; in Experiment 2, 0.36. 
Calculated from 


activity! in C-6 than in C-1. To account for the difference in glucuronide 
labeling observed in the two investigations, it is possible that under the 
conditions of Bidder’s experiments either one or both of these effects was 
in some way enhanced and resulted in the greater asymmetry. Obvious 
variations in the experimental conditions are the difference in inorganic 
composition of the buffer and our omission of glucose from the medium. 

Since all experiments cited thus far have included the possibility that 
glucose is the direct precursor, and since both equilibrated and non-equili- 
brated trioses have been eliminated in one or another of all experiments, 
the conclusion may be drawn that glucose or an equivalent hexose unit. is 
the immediate precursor of glucuronic acid and that trioses serve as pre- 
cursors only after synthesis to hexose. 


1 Unpublished results from this laboratory. 
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SUMMARY 


Liver slices from fasted guinea pigs were incubated with lactate-3-C™ 
and menthol. Glycogen isolated from the slices and menthyl glucuronide 
isolated from the medium were degraded in order to obtain fragments rep- 
resenting the terminal carbon atoms of glucose and glucuronic acid. It 
was found that the distribution of C™ with respect to these carbon atoms 
was the same in both compounds and, moreover, was nearly symmetrical. 
These results are discussed in relation to previous experiments in glucuronic 
acid biosynthesis and lead to the conclusion that glucose or a hexose is the 
immediate precursor of glucuronic acid. 
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The Third International Congress of Biochemistry will take 
place in Brussels, Belgium, August 1-6, 1955, under the Presidency 
of Professor E. J. Bigwood. The Congress has been organized by 
the Societé Belge de Biochimie under the auspices of the Inter- 
national Union of Biochemistry. The General Secretary is Pro- 
fessor Claude Liébecq, 17 place Deleour, Liége, Belgium. The 
scientific program will include symposia, communications and two 
general lectures. The general lectures will be delivered at the open- 
ing and closing sections of the Congress as follows: 

Proressor Cart Martius (Phystologisch-Chemisches 
Institut der Universitat, Wurzburg), Thyroxin und Oxyda- 
tive Phosphorylierung 

PROFESSOR VINCENT DU VIGNEAUD (Cornell University 
Medical College, New York), The Hormones of the Posterior 
Pituitary 

Further information and registration forms can be obtained in 
the United States from the American Express Company, Inc., 65 
Broadway, New York 6, or 253 Post Street, San Francisco, Cali- 
fornia. 


PHOTOVOLT Densitometer 


for 


Partition Chromatography and Paper Electrophoresis 


A photoelectric preci- 
sion instrument for the 
rapid and convenient 
evaluation of strips and 
sheets of filter paper 
in partition chroma- 
tography and paper 
electrophoresis. 


WRITE FOR BULLETIN s 800 TO 


PHOTOVOLT CORP. 


95 Madison Ave. New York 16, N. Y. 


Also Colorimeters pH Meters Electronic Photometers 
Fluorimeters Interference Fliters Multiplier Photometers 


| 
ye 
Z 
j 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 19 


Report on 


e GLUCURONOLACTONE studies. Glucuronolactone and. the 
e SODIUM GLUCURONATE Glucuronic Acid salts are helpful as 
POTASSIUM GLUCURONATE intermediates. They 
e CALCIUM GLUCURONATE may be utilized for the preparation 


cof improved dosage forms of many 


diff erent types of dru gs. 


hese valuable compounds are of in- 
terest to every researcher. Consult us 


for technical assistance and literature. 


"Fine Chemicals from Corn’”’ 
Chemical Division 


CORN PRODUCTS REFINING COMPANY 


17 BATTERY PLACE « NEW YORK 4, N.Y. 


NOW OVER 5400 cuemicais 


@ 8,8’-Dinaphthyl @ Durohydroquinone @ Europium 
@ 2,2-Dinitropiphenyl @ Duroquinone @ Fabiatrin 
@ 2,6-Dinitrophenol @ Dysprosium @ Ferrous Arsenate 
@8-Diolein @a-Elaeostearic Acid @ Ferrous Thiocyanate 
@4,4’-Diphenylbiphenyl @Elaidic Acid @Ferulic Acid 
@ Diphenylglycine @ Elaidin @ Ficin, cryst. 
@ Diphenylhexatriene @Ellagic Acid @ Fisetin 
@ Diphenyline @ Epicatechin @ Fluoboric Acid 
@4,4’-Dipiperidyl @ Erbium Oxide @ p-Fluoroaniline 
@2,2’-Diquinoly]! @Ergometrine Tartrate @p-Fluorophenol 
@8-Distearin @Ergotamine Tartrate @Fluorotyrosine 
@ Dithiodiglycol @ Estriol @ Forbisen 
7 @ Dithioresorcinol @Estrone Sulfate @p-Formylbenzoic Acid 
i @ Dithiosalicylic Acid @ Ethanedithiol @ Fucosterol 
@ Dithiothymine @Ethy! Borate @«-Furylalanine 
@ Dithiouracil @N-Ethylethyleneimine @Gadolinium Oxide 
; @ Dithranol @Ethyl Isothiocyanate @Gallium Nitrate 
@ Di-n-tolylmercury @ N-Ethylmaleimide @ Gallocyanin 
@ Divinylsulfone @Ethylmercuric Iodide @Gallophenine 
@ Durenediamine @Ethyl Nitrate @ Gentianose 
@2-Ethylthiophene @Gentisic Aldehyde 
@Etiocholenic Acid @ Germanochloroform 


Ask for our new complete catalogue 


Inc. 


17 West 60th St. New York 23, N.Y. Plaza 7-817] 


UM 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


"METABOLIC MEDICINE 
* Adenine Sulfate 


“Cell-centered” medical investigation re- 


quires cell-intermediates for development * Canavanine Sulfate 

of new techniques in therapy. : ——— 

this need a large number of Schwarz Dooms ' 

biochemicals can be supplied uniformly * Purine free base 

labeled with C14 for studying metabolic * 24.5,6-Tetra chloropyrimi me 
i i 


pathways, distribution to specific organs, 
and clearance rates. 


C14.UNIFORMLY LABELED 
AMINO AciIDs GLUTATHIONE 


2,4,6-Trichloropyrimidine 


RIBONUCLEOSIDES * PURINE BASES 
BARIUM RIBOSE-5-PHOSPHATE MANY FINE BIOCHEMICALS AND 
p-Ripose * YEAST CELLS ORGANICS 


YEAST PROTEIN HYDROLYZATES 
These Schwarz biochemicals are of high- 


est purity. Write for further information, 
specifications and prices. 7 [4s 


LABORATORIES, INC. 


SL-314C 
SCHWARZ LABORATORIES, INC. 1735 S. E. Powell Bivd. 
Manufacturers of Fine Chemicals Portland 2, Oregon 


230 Washington St., Mount Vernon, N. Y. 


Introducing TERG-A-TAB! 
The Tablet that Makes PIPETTE WASHING 
As Easy As A-B-C! 


TERG-A-TABS contain the world famous master cleanser. ALCONON. 

By slowly dissolving the tablet through an effervescing action, just the 
right amount of detergent is allowed to mix with the water, and ‘the action 
of the washer alone is enough to make your pipettes sparkling clean. No 

other chemicals or cleansers are necessary. No film is left on your pipettes! 
One tablet will clean a full washer of pipettes. 


A Drop a Terg-A-Tab in Washer, B Place Pippettes in Washer 
C Turn on Hot Water Let Terg-A-Tab Do the Rest! 


EASY—Simply drop a TERG-A-TAB into the pipette washer and place 
the rack es the pipettes over the tablet. Then turn on the warm 
water (160°F). In warm water, TERG-A-TAB slowly dissolves. making 
a detergent solution. 

ECONOMICAL=No measuring is necessary, as the right amount of detergent 
automatically dissolves in the water. The cleaning solution enters the pi- 
pettes from the bottom, going in and about them to clean all the surfaces 
EFFECTIVE=As the washer automatically empties, detergent solution passes 
down through and around the pipettes, carrying out loosened dirt. This 
action continues until TERG-A-TAB has completely dissolved. The 
dissolving time is approximately 8 to 10 minutes. 

EFFICIENT-After TE RG-A-TAB has completely dissolved, fresh water en - 
ters and leaves the pipette washer rinsing the pipettes and leaving them 
sparkling clean! 


Cat. No. 83415—PACKAGES OF 100 TABLETS, ea. $5.00 
FREE Sample will be Sent on Request 


STANDARD SCIENTIFIC SUPPLY CORP. 


34 West 4th Street New York 12, N. Y. 


All the Apparatus Equipment, Supplies, Chemicals and 
Reagents Needed to run today's mordern laboratories 


20 
| 
RIBONUCLEIC AcID * RIBONUCLEOTIDES | SEND F 
hell 
| 
j 
| 
|| 
| 


1e 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 21 


The Farrand Electron Multiplier 
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